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PREFACE 


This is the English translation of the second Russian 
edition, revised and enlarged in comparison with the first 
(1970) edition. 

The book presents a systematic and step-by-step approach 
to the physical and mechanical properties of concrete, 
reinforcing steel, reinforced concrete, masonry, and struc¬ 
tural steel. 

The theoretical basis and design principles for reinforced 
concrete, masonry, and steel structures have been brought 
in line with new standards which were pul in force in the 
Soviet Union since January, 1977. The material is presented 
with emphasis on Soviet, practice in highly industrialized 
precast reinforced concrete, type-design structural elements, 
and high-strength materials. 

A good deal of attention is given to special engineering 
structures for water supply, sewage disposal, and heat 
supply systems, including tanks, settlers, aeration filters, 
aeration tanks, water lowers, buried conduits and headers, 
and heat-pipeline structures. 

Carefully worked design examples are shown throughout 
llic book, and an appendix gives a selection of design charts 
associated with the basic Soviet codes of practice. 

Intended as textbook for students of building, civil, and 
structural engineering, the book will also be of interest to 
students in other departments and practising engineers. 



CHAPTEK ONE 

BASICS OF STRUCTURAL DESIGN 


1.1. Limit States 

After a structural member has appropriately been analyzed, 
it is necessary to determine the internal forces caused by the 
external loads it is to carry, to select its cross-sectional area 
required to withstand those forces, to choose the cross- 
sectional area of junction elements (if several members are 
assembled to form a single entity), and to determine the 
necessary volume of reinforcement (if the member is made 
of reinforced concrete). This is done to ensure an adequate 
behaviour of the member during the entire service life at 
a minimum cost and minimum material consumption. 

A structure or an element may become unfit for service, 
if: 

(1) the internal forces in it exceed its ultimate strength, 
so that the material fails at the most heavily loaded sections, 
or some,of the component members or the entire structure 
loses stability; 

(2) the loads imposed on it lead to excessive deformations 
(such as sag, vibrations, or settlement) or cracks which may 
open up wider than it is allowed. 

In the course of structural design, as this procedure is 
customarily called, it is advisable to employ the load 
values and stress-strain relations recommended by relevant 
building codes. In practice, however, the loads that a 
structure is expected to carry arc frequently smaller or. 
which is worse, greater than those established by the codes. 

At present, most structures are designed using what is 
known as the limit-slate approach —it clearly establishes the 
limit stales of structures and sets up a system of design 
coefficients which guarantee that a structure will not attain 
such slates under the worst load combinations and at the 
minimum strength of the materials, 
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The terra ‘limit state’ refers to a boundary condition 
beyond which a structure or element is considered to be unfit 
for use. This may arise in many ways, but the principal 
limit states to be considered arc those of 

(1) ultimate strength, and 

(2) serviceability. 

Design in terms of ultimate strength (in this text it will 
also be referred to as design in terms of the first category of 
limit states) should be carried out for all types of struc¬ 
tures, whereas design in terms of serviceability (which will 
also be called design in terms of the second category of limit 
states) should be done only for structures whose deformation 
may cause failure before the internal forces exceed the load¬ 
carrying capacity. This applies to large-span slabs and 
beams whose cross-sectional area depends on the limit of 
sag rather than the necessary strength. 

Design in terms of serviceability for reinforced concrete 
structures should provide for a cross section that will not 
only prevent a structure from exceeding the limit of sag, 
but will also help to keep the width of cracks within the 
specified limits or even to avoid cracking altogether. 


1.2. Design Factors 

These arc employed to allow for the variability in load and 
the mechanical characteristics of materials. They include: 

(1) overload factors n (that is, partial safety factors in 
terms of load); 

(2) safety factors k (that is, partial safety factors in terms 
of materials); 

(3) service factors m which permit the designer to take 
into account some aspects of the material behaviour that 
cannot be allowed for cxplicity in the course of design. 

According to a relevant standard, overload and safely 
factors (n > 1* and k > 1) arc adopted, as already men- 


* It a likely decrease in load is more dangerous for a structure 
Ilian an increase. » is taken lo lie smaller Ilian unity, for example, 
when analyzing a water lower or a retaining wall for resistance to 
ijll, ils self-weight (which adds lo this resistance) should he mulli- 
nlied by n O.i). 
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tioned, to account for tho 
variability in load and the 
mechanical characteristics 
of the materials, respecti¬ 
vely. The greater the vari¬ 
ability, the higher the va¬ 
lues of n and k, and vice 
versa. 

Figure 1.1 shows a fre¬ 
quency distribution curve 
for the strength of materi¬ 
als. The strength is laid 
off as abscissa, and the or¬ 
dinate is the frequency 
with which this value is 
observed. In most cases, the 
strength shows a definite 
average or mean value. Re¬ 
ferring to the figure, the 
strength may move up or 
down in magnitude from 
number of cases 
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; nuui the mean value, and the 
number ot cases m which a given strength is observed 
decreases with increasing deviation from the mean. The 
shape of the frequency distribution curve helps to evaluate 
the variability of the quantity in question. For example, 
if the curve extends along the Y-axis (curve a in Fig. 1.1), 
lhe variability is low; if the curve runs at a small slope 
(curve b in Fig. 1.1), the variability is high. 


1.3. Characteristic and Design Loads 
and Strength 

The loads that may be imposed on a structure in service 
are specified in relevant standards. Such loads are known 
as characteristic loads and designated by <7 ch . 

Design loads, labelled q, are obtained by multiplying the 
characteristic values by appropriate overload (partial 
safety) factors n: 

q = <f h n 

Some values of q ch and n are given in Appendix II. 
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The loads that act upon a structure during the entire 
service life are termed dead loads. They include the self¬ 
weight of the structure, the weight of the members it carries, 
and the weight of the soil above the structure (in the case 
of buried structures). The loads that vary in service in both 
magnitude and point of application are called live loads. 
They are constituted by people, furniture, and equipment 
(so-called floor loads), the pressure exerted by liquids and 
particulate materials stored in tanks and bins, snow and 
wind loads, crane loads, etc. 

Special loads refer to earthquake loads, loads caused by 
the nonuniform settlement of the foundation, etc. 

Live loads may, in turn, be subdivided into long-time 
(the pressure of liquids and particulate materials in tanks, 
the weight of stationary equipment in industrial buildings, 
floor loads in store-houses, archives, libraries, and the like, 
and the snow load reduced by 70 kgf ra' 2 (700 N m -2 ), 
some of the crane load, etc.), and short-time (some of I he 
load constituted by people, spare parts, and materials in 
attendance and maintenance areas, the remainder of the 
snow and crane loads not included in the long-time loads, 
the wind loads, etc.). 

Any structure should be designed for different load com¬ 
binations. It is customary to distinguish basic load combina¬ 
tions which refer to the simultaneous action of dead, long¬ 
time and short-lime live loads, and special load combinations 
which include the loads entering a basic load combination 
and one special load. If a basic load combination contains 
only one short-lime live load (the most critical one in 
a given case), the latter should be taken into account with¬ 
out any reduction. If a basic load combination includes 
two or more short-lime live loads, they (or the respective 
internal forces) should be multiplied by the combination 
factor Heemb — 0.9. In the case of special load combina¬ 
tions, the design values of the short-time loads (or the res¬ 
pective internal forces) must be multiplied by n comb = 0.8, 
and the special load should be taken without any reduction. 

Relevant standards specify that the main parameter defin¬ 
ing the strength of a material shall be its characteristic 
strength H el ‘ (measured in kgf m -2 or MPa and equal to the 
proof strength). This is established with allowance for 
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the statistical variability of strength and is taken as the 
least observable ultimate strength. The minimal level of 
confidence (confidence coefficient), as set by appropriate 
specifications for the characteristic strength, is 0.95. 

The design strength of a material, R (measured in the 
same units), is obtained by dividing the respective charac¬ 
teristic strength by an appropriate safely factor, /c> l. 
Sometimes, the design strength is multiplied by a service 
factor, m $ 1, which accounts for the utilization of the 
strength of materials in a given method of design, the 
behaviour of the entire structure, the effect of service con¬ 
ditions, etc., 

R = (R ch /k) m 

The values of the characteristic strength, safety factors, 
service factors, and design strength of the materials used 
in reinforced concrete, metalwork, and masonry structures 
can be found in appropriate standards and specifications. 

In practice, use is generally made of the design strength 
of materials. 

1.4. Limit-State Design 

Design in Terms of Ultimate Strength (the first category 
of limit stales). Here, we are concerned with the maximum 
load-carrying capacity of a structure within the limits of 
strength of the materials used, with allowance for a likely 
increase in load variability and a decrease in strength. 
Therefore, the left-hand side of the design relations contains 
the force caused in a member by design loads (with overload 
factors applied), and the right-hand side is the force that 
the member can bear when the stress in the material is 
equal to the design strength (that is, with safety and service 
factors applied). If the left-hand side does not exceed the 
right-hand side in magnitude, the load-carrying capacity 
of the structure is adequate. 

As an example, for a single-material member subjected 
to axial tension, the design expression takes the form 

2N ch n < F ( R eh /lc) m 
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Designaling Ihc total design load by N and recalling that 
(H ch lk) m = H 

we may re-write the above equation to obtain the compact 
formula generally used for design purposes: 

N<FR 

Given the value of A, the necessary cross-sectional area 
can be found by equaling the left- and right-hand sides of 
the design equation. 

Design in Terms of Serviceability (the second category 
of limit slates). Here, we are concerned with the appearance 
of a structure, tho effects of deflection or deformation on 
other elements, and its durability. If a structure is to be 
designed so as to avoid excessive deformation (say, sag), 
the left-hand side of the design expression is the strain / 
developed in the structure, determined according to the 
load system used, and the right-hand side is the limit of 
strain j ch specified by relevant standards on the basis of 
past experience: 

/ < f ch 

If a reinforced concrete structure is to be designed so as 
to avoid cracking, with allowance for likely strength vari¬ 
ations and, for some structures*, with allowance for likely 
load variations, the left-hand side of the design expression 
is the force N ch produced by characteristic loads (or N, 
due to design loads), whereas the right-hand side is the 
force A cr developing in the member immediately before 
cracking occurs in tho concrete, taken with tho relevant 
safely and service factors applied: 

N ch < N er or A < N er 

If a structure is allowed to crack in service, the crack 
width should appropriately be limited. In this case, the 
left-hand side of the design equation gives the crack width 
« cr found according to the load system adopted (with allow¬ 
ance for likely variations in the stress-strain behaviour of 

* These arc r.c. structures supposed to have a crack resistance 
iiitrh enough to meet the requirements of the first category of limit 
stales (sec Chap. 111). 
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the materials used), and the right-hand side is the limiting 
crack width a£'; specified by relevant standards: 

d er ^ a lr 


1.5. Units of Measure 

According to a relevant USSR building code, structural 
design is carried out in the system of units in which mass 
is in kg and t, force is in kgf and If, moment of force is in 
kgf in, kgf cm or tf m, linearly distributed load is in kgf m _l , 
kgf cm -1 or tf m -1 , and surface load, pressure, stress and 
modulus of elasticity is in kgf cm -2 , kgf mm -2 or tf in -2 . 
This system of units does not allow for variations in the 
free-fall variations g in different geographical localities 
and uses the same unit for stress and surface load. Because 
of this, use is sometimes made of the International System 
of Units (SI) where mass is in kg and t, force, load and 
weight in N and kN, moment of force in N m, surface load 
in N m -2 , and pressure, stress, and modulus of elasticity 
in Pa and MPa. 

The present text uses the units as specified by the USSR 
building code. The SI units can be derived, using the table 
in Appendix I (where g = 9.8 m s -2 is rounded off to 
10 m s- 2 ). 



CHAPTER TWO 

REINFORCED CONCRETE 

AS A CONSTRUCTION MATERIAL 


11.1. General 

Reinforced concrete is a combination of concrete proper 
and reinforcing steel. Although they markedly differ in 
physical and mechanical properties, concrete and reinforce¬ 
ment work together well in structural members. 

Concrete is strong in compression and weak in tension. 
Reinforcing steel is usually strong in both tension and com¬ 
pression. This is why the two materials arc put together to 
form reinforced concrete. 

In bending members, the high compressive strength of 
concrolc is employed in the compression zone, and the 
high tensile strength of roinforcing steel in the tension zone 
where the concrete is weak and is likoly to crack (Fig. II.la). 
Reinforced concrolc beams arc congested with a small 
amount (as compared with the cross-sectional area) of 
reinforcement, but the contribution of the reinforcement 
is so large that the load-carrying capacity of the boams is 
increased several-fold. Also, reinforcement is usod to advant¬ 
age in compressive members (Fig. II.lb), so that their load- 
hcaring capacity is more than half again as that of their 
plain-concrete counterparts. 

In a member or structure, a strong bond exists between 
the hardened concrete and the reinforcing steel, so they 
deform together under load. The bond does not deteriorate 
with time, nor is it sensitive to variations in temperature 
and humidity, because the two materials have very closo 
coefficients of expansion. 

Hardened concrelo presents an excellent environment for 
reinforcing steel. Under normal conditions, tho steel 
remains safe and sound for an indefinitely long time. 

Reinforced concrete has good durability, offers high 
resistance to fire and atmospheric effects, carries large 
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(b) 


slatic and dynamic loads, possesses sufficienl densily, water 
and gas lightness, and stands well exposure to radiation. 

Concrete may develop cracks at relatively small tensile 
stresses—a feature generally undesirable. Cracked concrote 
markedly reduces the rigidity 
of reinforced concrete struc¬ 
tures, has inadequate water 
tightness, and, if the cracks 
ore very wide, exposes the 
steel to corrosion. 

The cracking resistance of 
reinforced concrete members 
can greatly be improved by 
prestressing. This consists in 
applying initial compressive 
stresses to those areas in 
a concrete member which, 
when loaded, work in tension. 

There are two basic me¬ 
thods of preslressing, namely 
pretensioning and posttension¬ 
ing. In the former (Fig. 11.2a), 
the Londons are installed in a 
bed, form or tray where they 
arc anchored to an abutment 
at one ond and tensioned 
at the other. After tho mem¬ 
ber has boon concretod and the 
concrete has attained the ne¬ 
cessary strength, the tondons 
are released from the abutments. Being bonded to tho con¬ 
crete, tho reinforcing steel is unable to recover its original 
length and transfers the prestressing force to tho concroto 
by bond resistance. In n loaded prestressed beam, the con¬ 
crete begins to work in tension only after all of the com¬ 
pressive prestress has been counteracted. As a result, the 
cracking resistance of the concrete is improved. 

In posllcnsioning (Fig. 11.2b), tho tendons aro tensioned 
against and anchored to the concrete after it has developed 
an adequato strength. Here, the tendons aro inserted in 
duels or raceways, tensioned, anchored, and grouted iu 


Fig. II.l. Uoinforced concroto 
members subjected to (a) bon¬ 
ding and (*) compression 

• reinforcing steel; *—concrete In 

-. .ergefcg 
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Fig. II.2. Prcslrossnd concrete members (axial preslress) 
(o) prctcnslonlng; (h) posltcnslonlng; /—member before transfer 
II—member after transfer of preslress; f—prestress reinforcement; 2 
3 —tensioning device; <—anchorage; s —embedded slum 


of preslress: 
—abutments; 


tho sequence listed. After the grout in the ducts has attained 
the necessary strength, the prestressed member is ready for 
use. 

As already mentioned, prestressing increases the cracking 
resistance of reinforced concrete elements several-fold, 
markedly reduces the width of cracks, and improves the 
stress-strain behaviour of the members. 

According to the manner of manufacture, reinforced con¬ 
crete structures may be classed into precast, cast in-situ, 
and mixed (that is precast!cast in-situ). 

As their name implies, precast structures arc manufactured 
at reinforced concrete yards by high-output machines, with 
all the manufacturing conditions closely controlled and 
with the high quality of products maintained at a reasonable 
material consumption. At the site, prefabricated members 
are erected by high-power mechanisms. Precast products 
arc best adapted to streamlined manufacture and can be 
assembled in a minimum period of time. 

In-situ reinforced concrete structures call for scaffolding 
and formwork in which tho reinforcement is installed and 
concrete is placed on the site. This can hardly be done 
at an adequate level of mechanization. Also, concrete 
should be held in the forms during the entire period of 
hardening and kept warm in winter. Therefore, in-situ 
structures arc more labour-consuming, take more time to 
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construct, and are inferior in quality. Because of this, 
in-situ reinforced concrete is mostly confined to heavy 
structures and situations where its use is warranted econo¬ 
mically. 

Precast/in-situ reinforced concrete structures are midway 
between precast and in-situ types and utilize the advantages 
offered by each. They arc advisable for platforms designed 
to carry superheavy loads and floors intended to withstand 
dynamic forces. 

11.2. Concrete 

In its inner structure, concrete is a nonuniform material 
whose bulk is constituted mostly by inert aggregates (which 
may be coarse, such as broken stono or gravel, and fine, say, 
sand) bonded into a single entity by hardened cement 
produced by a reaction of cement powder with water (both 
fixed and free). 

In the hardened cement, chemical reactions keep going 
on for a fairly long time. So, its strength builds up with 
lime, too, and its volume undergoes a change (the concrete 
shrinks or, if special brands of cement are used, expands). 

Concrete is not perfectly voidlcss, even if a concrete mix 
is thoroughly compacted. To make the mix workable, the 
amount of water used to prepare the mix must always 
exceed that just necessary for the hydration reaction to 
take place. On evaporating, the excess water leaves behind 
numerous pores and capillaries in the hardened cement and 
voids between the coarse-aggregate grains and reinforcing 
steel. Because of this, concrete is permeable to moisture 
and gas—a fact that should be kept in mind when designing 
plumbing structures. The porosity of concrete can be reduced 
by cutting down the initial amount of water in the concrete 
mix, by better compaction of the fresh mix during concret¬ 
ing, and by adding chemically active substances which 
swell when moistened. 

The most important mechanical characteristic of con¬ 
crete is its compressive strength. It depends on the strength 
of the hardened cement, the quality of aggregates, and the 
density of concrete itself. In turn, the strength of the harden¬ 
ed cement increases with increasing activity (brand number) 
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of cement and decreasing water-cement ratio of the mix. 
Heavy concretes generally used in plumbing structures 
employ dense aggregates which arc stronger than the harden¬ 
ed cement, the strength of concrete being higher if the 
aggregate grains have a ragged surface as it improves the 
bond with the hardened cement. From this point of view, 
broken stone is more attractive than gravel. 

A relevant Soviet standard requires that the compressive 
strength of concrete be determined on test specimens in 
the form of cubes with a 150-mm edge after 28 days of 
curing for in-situ structures (a shorter curing period is 
specified for precast structures, depending on the manner 
of manufacture and curing). The test result gives the brand 
of the concrete in terms of its ultimate strength in kgf cm -8 
(MPa). 

According to compressive strength, the following brands 
are produced in the Soviet Union: 

—heavy concretes, M-100, M-150, M-200, M-250, M-300, 
M-350, M-400, M-450, M-500, M-600, M-700, and M-800; 

-porous-aggregate concretes, M-35, M-50, M-75, M-100, 
M-150, M-200, M-250, and M-300. 

The cube crushing strength of concrete is given by 
H = NJF 

where N er is the crushing load in kgf (N), and F is the cross- 
sectional area of the cube in cm 2 . 

In compression, the initial dimensions of a cube test 
specimen decrease in the direction of the acting force and 
increase in the lateral direction (Fig. 11.3). Tension tests 
have shown that the ultimate relative strain in tension is 
one-tenth to one-twentieth of that in compression. A com¬ 
pression lest cube fails due to a lateral expansion resulting 
in cracks. If, before testing, the ends of the specimen are 
capped with neat cement paste or other material (Fig. II.3a), 
the lateral strain will meet no resistance, and the rupture 
cracks will be vertical (parallel to the direction of com¬ 
pression). If no measures have been taken to avoid friction 
between the platen and seat of the compression-testing 
machine and the cube faces (Fig. 11.35), the cracks will be 
inclined. In the latter case, the compressive strength of 
concrete is 2 to 2.5 limes as high as in the former case. 
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A relevant USSR standard requires that the cube crushing 
strength of concrete be determined without capping. 

In concrete prisms, the effect of friction at the prism 
ends decreases with increasing height-to-sidc ratio. When 
the ratio is four-to-one or more, the effect of friction is 
insignificant. Experiments have shown that the prism 


crushing strength of concrete 
is by 20% to 30% lower than 
that of cube specimens. 

The axial tensile strength 
of concrete is one-tenth to 
one-fifteenth of its compressive 
strength. Experiments with 
concrete test specimens sub¬ 
jected to bending have shown 
that in this case the tensile 
strength is by about 70% 
higher than its axial tensile 
strength. 

If a concrete structure works 
mostly in tension, one needs 
to know the tensile strength 
of the concrete in addition 
to its compressive strength. 
According to their tensile 
strength (in kgf cm -2 ), Sovi¬ 



et-made concretes are classed 


as follows: 

—heavy concretes, P-10, 


Fig. II.3. Concrete cube failure 


p-i5, P-20, P-25, p-3o, p-35! awwt ffawsyp 

and P-40 ping; u—contraction in direction 

1 . of compressive forces: c—expansion 

Brand numbers in terms of in lateral direction 
frost resistance are assigned 

to concretes used in structures subjected to freezing and 
thawing cycles in cold climates and in exterior structures 
in localities with frequent freeze-thaw changes, and also 
to porous-aggregate concrete used in filler walls. They are 
designated Mpa50, Mpa 7fj, Mpa 100, Mpa 150, Mpa200, 


M pa 300, Mpa 400, and Mp3 500. The numerals give the 
number of frcezc-lhaw cycles that a given concrete will 


withstand in water-saturated conditions. 
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Brand numbers in terms of water resistance are assigned 
to concretes used in structures subjected to water pressure, 
such as tanks and pressure pipes. These brands are designated 
by the Russian letter "B"; they range from B-2 to B-12. 
The numerals give limit of water pressure (in kgf cm' 4 ) 
at which the flow of water 
through channels in the conc¬ 
rete is still prevented. 

Concrete is a nonelasticma- 
terial. As a consequence, its 
stress-strain (a —e) behaviour 
is far from linear (Fig. II.4). 
The total strain e c is compo¬ 
sed of elastic (instantaneous or 
reversible) strain e e/ and plas¬ 
tic (time-varying or irrever¬ 
sible) strain e p( . Under short- 
duration single loading, the 
share of plastic strain increa¬ 
ses with increasing stress. As 
the duration of loading, t, in¬ 
creases, strain in concrete de- 

oiastic~"sirain’ '.. " parts from elastic still more. 

Referring to Fig. II-■”>«, the 
strain increases with increasing time of loading for the same 
value of stress, a,. 

An increase in plastic strain under a sustained stress is 
called creep. This is a characteristic feature of concrete 
(Fig. 11.56). In real structures, creep strain gradually sub¬ 
sides and approaches asymptotically a certain limiting 
value, e , c , P m . 

The manner in which creep develops in concrete is govern¬ 
ed by the inner structure of the hardened cement. The 
amount of creep increases with increasing amount of cement 
and initial amount of water in the concrete mix. Also, it 
depends on the age of concrete at the time of loading (the 
younger the concrete, the higher the creep), the level of 
stress in concrete (it rises with rising stress), the type of 
cement used (it decreases in the following sequence: slag 
Portland cement, ordinary Portland cement, high-strength 
Portland cement, and alumina cement). 
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I-’i". 11.5. Stress-strain curves for concrete 
la) ilifft-rcut lest duration; (b) long-time constant stress 


Creep in concrete is most significant during the first 
several months after loading and may keep increasing for 
several years until it reaches a maximum value, e* 1 P m . The 
value of e l c i r m may be two or three times as great as elastic 
strain. Creep in concrete has a pronounced effect on the 
stress-strain behaviour of reinforced concrete structures. 

The elastic properties of concrete are expressed in terms 
of the initial tangent modulus of elasticity E c . It is determined 
by prism crushing tests within the initial portion of the 
stress-strain curve (see Appendix III). 

The tangent modulus of elasticity for concrete in com¬ 
pression, E'c, describes the total strain in concrete (includ¬ 
ing creep) and is a variable quantity. However, variations 
in E'c arc difficult to describe analytically, and design 
calculations use an average quantity known as the secant 
modulus of elasticity. This is likewise designated by E' e 
and defined as the slope of the chord drawn through a point 
on the stress-strain curve corresponding to a given stress. 
The relation between E c and E' c is found from Fig. 11.4, 
using the following expressions: 

cr« = E f t., i and a c = E' e + e,„) 
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Hence, 

K = le«i/(e«j + e p ,)I E e = \E C 

where 

v = e e , (c e » + e P i) 

is the ratio of elastic to total strain in concrete. According 
to experimental data for compressive members, v may 
vary from 1 to 0.15. Relevant standards specify the values 
of v with allowance for air humidity. 

Concrete has a good fire resistance. It can withstand fire 
much longer than most construction materials, without 
losing any of its load-carrying capacity or other useful 
properties. 

Ordinary heavy concrete may also be used in structures 
subjected for a long time to elevated temperatures from 
50° to 200°C. It uses Portland cement or slag Portland 
cement as the binder and granites, dolomites, sienites, 
limestone, and other similar materials as the aggregate. 

If a structure is to be used under sustained exposure to 
elevated temperatures exceeding 200°C, it should be made 
of heat-resistant concrete. According to the temperature 
it is to withstand, heat-resistant concrete may use alumina 
cement, Portland cement, or liquid glass (with appropriate 
hardeners and fine admixtures) as the binder, and chromite, 
diorite, basalt, diabase, andesite, grog, broken brick, and 
slag, as the aggregate. 

Concrete is a very durable material. Under normal con¬ 
ditions, its inner structure and strength remain unchanged 
for an infinitely long time. However, in corrosive environ¬ 
ments, such as acid gases acting in combination with an 
elevated air humidity, liquid alkalis and acids, salt solu¬ 
tions, solvents, oil, sugar solutions, corrosive dust combined 
with an elevated humidity, coal, most ores, salts, slags 
and the like, concrete deteriorates rather rapidly. 

The resistance offered by concrete to corrosive environ¬ 
ments can be enhanced by (1) increasing its density, for 
which purpose concrete is carefully proportioned with 
the use of an appropriate type of cement, and thoroughly 
consolidated during concreting; (2) reducing its permeability 
through the use of concretes with a low water-cement ratio 





and consolidating admixtures; and (3) using appropriate 
acid-resistant binders and aggregates. 

According to the type of environment, the corrosion 
resistance of heavy concretes may be improved in one of 
several ways. As a rule, the surface of concrete is floated, 
impregnated with high-molecular-weight compounds, coated 
with special varnishes, paints, or epoxy resins, or faced 
with chemically stable ceramic tile or plasto-concrete based 
on polymer binders and admixtures, or impregnated with 
polymer compounds. 

In addition to heavy concretes, civil structures use no¬ 
cement concretes based on dense aggregates (such as lime 
concrete, slag-binding agent concretes, and gypsum con¬ 
cretes), porous-aggregate concretes using ceramsite, aglo- 
poritc, slag pumice, pearlite, tuf, and similar materials 
as the aggregate, and cellular concretes. These concretes 
have not found wide use in load-bearing structures, of plum¬ 
bing systems, although porous-aggregate concretes of vari¬ 
ous types are used to insulate gas conduits. 

According to their bulk unit weight, concretes are cus¬ 
tomarily classed into heavy (with a bulk unit weight of 
p c > 1 800 kg m~ 3 ) and light-weight (with a bulk unit 
weight of Pc^l 800 kg m -3 ). A more detailed classification 
includes superheavy concretes (with a bulk unit weight 
of more than 2 500 kg m~ 3 ), heavy concretes (with a bulk 
unit weight of 2 200 to 2 500 kg m -3 ), medium-heavy con¬ 
cretes (with a bulk unit weight of 1 800 to 2 200 kg m -3 ), 
light-weight concretes (with a bulk unit weight of 500 
to 1 800 kg m -3 ), and super-light concretes (with a bulk 
unit weight of under 500 kg ra~ 3 ). 

II.3. Reinforcing Steel 

Reinforcing steel is primarily the tensile component of 
reinforced concrete. Also', it is used to reinforce compres¬ 
sion areas in members. The necessary amount of reinforce¬ 
ment is determined by appropriate design calculations. 

In Soviet practice, reinforcing steel is classed into load- 
bearing reinforcement for which the steel ratio is found by 
calculations, and erection reinforcement for which the steel 
ratio is adopted from constructional and other cousidera- 




Pig. 11.6. Itoinforccil concrete' nu mbers and ruinrorcing steel 
n-wirr fabric; 6 -bar mats; c—reinforcing cage; f— slab; 2—beam; a—column 

lions. Erection reinforcement serves to hold the load-hearing 
reinforcing bars in place and to distribute stresses uniformly 
among the bars of load-bearing reinforcement in the course 
of erection. In addition, erection reinforcement may carry 
some loads, such as those due to earthquakes and thermal 
variations, which generally are not taken into account in 
design. 

Load-bearing and erection reinforcement is combined 
into welded- or tied-wire fabric or bar mats which are placed 
in reinforced concrete members according to their behaviour 
under load (Fig. 11.6). 

Reinforcing steel may come in the form of hot-rolled bars 
and cold-drawn wire. 

The term ‘bar’ includes reinforcing bars of any diameter, 
irrespective of how they are dispatched to the job—in bars 
or hanks. After manufacture, hot-rolled reinforcing steel 
may be strengthened by heat treatment or cold drawing. 

In a structure, steel reinforcing bars and wire may be 
utilized either as prcslressed or as non-preslressed (that 
is, not deliberately stressed before service loads arc applied). 

The principal forms of standard concrete reinforcement 
are plain bars (or wire) and deformed bars (or wire). Standard 
bars (or wire) arc deformed so as to increase the bond be¬ 
tween the reinforcement and the concrete (Fig. 11.7). 

According to their main mechanical characteristics, 
Soviet-made hot-rolled reinforcing bars are divided into 
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six classes, designated A-I, A-II, A-III, etc. (Table II.1). 
The Russian letter “t” in the designation stands for thermal 
treatment. Eacli class may include several steel grades 

Tabic II.I. Classification of Soviet-inadc Reinforcing Steel 


Type and class nf 
reinforcing steel 

Steel 

grade 

Dia¬ 

meter, 

Ultimate 
strength, 
kef cm - * (MPa) 

Yield point, 
kgf cm"! 
(MPa) 






Plain:—class A-I 

C'.T3cn3, 

Ct3hc3 

Ct3kii3 

C-40 

3 800 (380) 

2400(240) 


6-40 




BCt3cii2 

6-40 




BGr3nc2 

6-40 




BC.T3Kn2 

6-40 




BCT3nc2 

6-18 



Dcformod: 

—class A-I I 

BCt5cii2 

10-40 

5 000 (500) 

3000(300) 


BCt5hc2 

18-40 



18T2C 

40-80 




lorr 

10-32 



—class A-I 11 

35CC, 

25r2C 

6-40 

6 000 (600) 

4 000(400) 

-class A-IV 

80C 

10-18 

9 000(900) 

6000(600) 


20XI2H 

10-22 

-class A-V 

23X2r2T 

10-22 

10 500 (1 050) 

8 000 (800) 

Thermally hardened 






— 

10-25 

9 000 (900) 

6 000 (600) 


— 

10-25 

10 500 (1 050) 

8 000 (800) 

— class At-VI 

— 

10-25 

12000(1200) 

10000(1000) 

Ordinary wire plain, 

_ 

3-5 

5 000(500) 

_ 

—deformed, class 
Bp-l 

- 

3-5 

5 250-5 5(H) 
(525-550) 

- 

Iligh-strength wire 
plain, class H-ll 

- 

3-8 

19000-14000 

- 

(1 900-1400) 

— deformed, clnss 




B-Il 

~ 

3-8 

18 000-13 000 
(1800-1 300) 


Scven-wiro strands 





-class K-7 


4.5-15 

19 000-10 500 
(1 900 1 050) 






which have the same mechanical characteristics, but differ 
in chemical analysis (sec Table 11.1). 

The grade designations give an approximate chemical 
analysis of a given steel. For example, the first two-digit 
number in the designation "25r2C” indicates the carbon 
content in points (hundredths of a per cent), the Russian 
letter ‘T” indicates that the steel is alloyed with manganese, 
the numeral “2” indicates that the manganese content may 
be as high as 2%, and the Russian letter “C” stands for 
silicon. The Russian letter “X” 
in the designation “20Xr2IJ” 
stands for chromium. 

Class A-IV and class A-V 
hot-rolled reinforcing steel and 
thermally hardened bars of 
classes At are intended for 
prestressed structures. 

Reinforcing wire is divided 
into two classes. One incor¬ 
porates ordinary class B-I 
plain (cold-drawn, low-carbon) 
and class Bp-I deformed wi¬ 
re intended for non-prestressed 
applications, and the other re¬ 
fers to high-strength class B-II 
(multi-pass drawn, carbon) 
plain and class Bp-II deformed 
wire intended for prestressed 
applications. 

Prestressed concrete struc¬ 
tures are reinforced with wires 
combined into strands and cables. As a rule, use is made 
of class K-7 and class K-19 stranded wire (Fig. II.8a) having 
seven or nineteen wires, respectively, class K X N multi¬ 
wire strands (where N is the number of minor strands in 
a major one), and reinforcing cables shown in Fig. 11.86. 
A prestressing cable consists of straight wires or strands 
running parallel to one another. In most cases, they are 
spaced apart around a circumference, using spirals or spiders, 
so as to let grout inside the cable, and fastened by anchors 
at their ends. Such cables can be single- and multi-layer. 


(a) i 





(a) wire strands; (ft) cables; 1— se¬ 
ven-wire strand, side view; 2 and 
3 —cross sections of 7- and 19-wire 
strands; 4 —cable wire; 5— duct for¬ 
mer: 6— spiral; 7—short bar 
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(a) 

6 I 




Fig. 11.9. Slrcss-slrain curves for reinforcing steel in tension 
(a) steel with definite yield: (b) steel without definite yield 

The mechanical characteristics of reinforcing steel are 
determined experimentally from stress-strain (o — e) dia¬ 
grams which are plotted on the basis of tension tests 
(Fig. II.9). Reinforcing steel with a well defined yield 
(Fig. II.9a) shows a considerable elongation after rupture. 
The first unit stress at which strain increases without a con¬ 
siderable increase in load is called the yield point , a„, and 
is measured in kgf cm -2 (MPa). The behaviour of reinforcing 
steel having no well-defined yield point is characterized 
in terms of the proof yield strength, a 0 2 , that is, the stress 
at which the permanent set is 0.2%. It is likewise measured 
in kgf cm -2 (MPa). 

The yield point of reinforcing steel can artificially be 
raised by drawing. Hot-rolled reinforcement is cold-drawn 
until the stress in it exceeds the yield point, o',, > <x„. 
Cold drawing (or cold working) changes the crystal lattice 
so that the reinforcing steel hardens. In all subsequent 
loadings, the behaviour of this steel is represented by the 
curve O'A'B showing an increased yield point (sec 
Fig. 11.9a). 

Another important characteristic of reinforcing steel 
is the ultimate tensile stress, a ul , that is, the stress (or load) 
at or just beforo rupture. 
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Reinforcing steel has a high elastic limit, or the stress 
after which its stress-strain behaviour is no longer linear. 
This is a valuable property of steel because it permits the 
application of high prestressing forces. The proof elastic 
limit, o 0 .02 (i° kgf cm -2 or MPa), is taken as the stress at 
which the permanent set is 0.02%. 

Reinforcing steel is inherently very ductile, so it will 
not suffer brittle rupture under load. The ductility of rein¬ 
forcing steel is stated in terms of the total percentage of 
elongation, 8 (%), which is found by dividing the increase 
in the bar length as measured across the fracture, by the 
original bar length, and the uniform percentage of elonga¬ 
tion, 8 un , which is determined by dividing the increase in the 
bar length, leaving out the neck region, by the original 
bar length. The percentage of elongation for class A-I, 
A-II, and A-I 11 reinforcement is 25%, 19%, and 14%, 
respectively. For other classes, it ranges between 8% and 
4%. 

In the Soviet Union, reinforcing steel is classed into 
standard or gauge sizes according to nominal diameter. For 
deformed bars, a standard size is the diameter of plain 
bars having the same cross-sectional area. For deformed 
ordinary or high-strength reinforcing wire, a standard size 
is the wire diameter prior to deformation. For wire strands, 
a standard size is the diameter of the circumscribed circle 
(sec Table II.1 and Appendix VIII). 

As a rule, reinforcing steel for non prestressed structures 
comes in the form of welded-wire fabric and bar mats. 
Longitudinal and transverse wires in fabric and mats (usu¬ 
ally at right angles to one another) are joined by resistance 
spot welding (Figs. II.10 and II. 11). According to a Soviet 
standard, welded-wire fabric is made of ordinary class B-I 
cold-drawn low-carbon steel wire from 3 to 5 mm in dia¬ 
meter, and class A-I 11 hot-rolled low-alloy deformed bars 
from 0 to 9 mm in diameter. Welded-wire fabric comes 
in rolls and mats. The maximum diameter of longitudinal 
wires in rolls is 7 mm. The maximum width of fabric in 
mats, U, is 2.5 m, and the maximum length, L, is 9 ra. The 
maximum width of welded-wire fabric in rolls is 3.5 m. 
The length of this type of fabric is limited by the weight 
of rolls, which may range from 100 to 500 kg. The dimen- 
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sions H and L are taken botween the centres of the outer wires. 
Type designations of weldod-wiro fabric contain the main 
characteristics of the product. The numerator gives the type 
of fabric in terms of tltjdld v , and the denominator gives 
the width and length of the fabric, B X L. For example, 
a welded-wirc fabric mat 1 100 mm wide ( B ) and 5 900 mm 
long (L), fabricated from longitudinal wires 4 mm in dia¬ 
meter (i d ) and spaced 150 mm apart (/), and transverse wires 
3 mm in diameter (d,) spaced 250 mm apart ( ti) will be 
designated as follows 


150/250/4/3 
1100 x 5900 

Type designations for weldcd-wire fabric in rolls give 
only the width 11. 

Welded-bar mats arc fabricated from longitudinal and 
transverse bars. Sometimes, welded-bar mats arc combined 
into reinforcing cages (Fig. II.11). In designing welded-bar 
mats, it is important to observe the limitations imposed by 
the welding process to be used. 


Diameters of Longitudinal and Transverse liars for 
Resistance Spot Welding 


Longitudinal (transverse) 
bar dininotcr, min 

3-12 

14; 16 

18; 20 

22 

25-32 

36; 40 

Minimum transverse (lon¬ 
gitudinal) bar diameter, mm 

3 

4 

5 

6 

8 

10 


Among other things, it is not recommended to fabricate 
welded-bar mats of reinforcing steel having poor weldability 
(class A-1V). The cenlrc-to-centre distance u between bars 
must be a multiple of 50 mm. Preferably, reinforcing bars 
should be joined by resistance spot welding or electroslag 
welding in reusable copper back-up plates. In the field, 
reinforcing bars may be arc-welded in a pool of molten 
metal within a permanent back-up plate. Sometimes, rein- 
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!''*>• II. 12. Welded joints i 
"‘forcing bars 

/—butt resistance welding: s— w< 


ding (two side fillet welds); «_«r, w. . 
“« <d bars to steel shapes (two side 


forcingbars maybe arc-wel¬ 
ded using splice bars on 
either side or a lap-joint. 
The main types of welded 
joints for reinforcing steel 
are shown in Fig. 11.12. 

Reinforcing steel harden¬ 
ed by heat treatment (clas¬ 
ses At) or drawing (classes 
Bp) may not be welded, 
because heat-treated steel 
would be tempered and 
cold-drawn wiro would be 
annealed, thereby losing 
their strength. This is why 
these classes of reinforcing 
steel are used at the job 
in the “as-supplied” form. 
Sometimes, heat-treated 
bars may be joined using 
crimping clips. 

Class A-I, A-II, and A-III 
reinforcing bars may bo lap- 
joined without welding, if 
not all of the reinforce¬ 
ment is utilized in ser¬ 
vice. The necessary lap, 
is determined according to 
tuc anchorage recommended 
in the following section, 
j. “• however, the least 
desirable type of joint, be¬ 
cause it requires additional 
011(1 is '“perfect in 
construction 

concrete 

with .STo f" reinforced 
wr h roiled I-beams, chan- 

’"“a is 

moot ll,f reinforce- 
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11.4. Main Properties of Reinforced Concrete 

Reinforced concrete is a happy combination of the physical 
and mechanical properties of concrete and steel. The rein¬ 
forcement strengthens the concrete towards the action of 
loads, temperature variations, shrinkage, and creep. The 
concrete protects the reinforc¬ 
ing steel against exposure to 
fire and corrosion. 

In reinforced concrete mem¬ 
bers, the reinforcing steel 
and Lire concrete work toge¬ 
ther. Owing to tho bond be¬ 
tween the materials, the rein¬ 
forcing steel does not slip in 
the concrete underload. Bond¬ 
ing strength is tested by the 
"pull-out” and “press-in” tests. 

Experiments show that the 
bearing stress is nonuniformly 
distributed along tho embed¬ 
ded length of a bar. The tan¬ 
gential stress gradually trans¬ 
fers tho normal stress from 
tho embedded bar to the con¬ 
crete (Fig. 11.13). The average 
bearing stress is given by 
t= Pl(n dl em ) 

For plain bars, the average 
bearing stress ranges between 
25 and 35 kgf cm' 1 (2.5 and 3.5 MPa). The bond strength 
increases with decreasing water-cement ratio, improved 
consolidation of the mix during concreting, and age. 

When a bar is pressed into concrete, the bond strength 
is greater than when it is pulled out, because the concrete 
resists the lateral expansion of the compressed bar. With 
deformed reinforcing bars, the resistance to slip is two or 
three times the figure for plain reinforcing steel. 

In reinforced concrete structures subjected to external 
loads the reinforcing steel and concrete are deformed together 
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before the advent of cracking, and the distribution of forces 
among them depends on their cross-sectional areas and 
moduli of elasticity. After the onset of cracking in the ten¬ 
sion area of the concrete, the slate of stress becomes more 
complicated (see Sec. V.2 and VI.6). 

The bond between the reinforcing steel and the concrete 
restrains free shrinkage of the concrete. The restrained 
shrinkage deformation leads to initial balanced stresses 
owing to which the reinforcing steel is subjected to comp¬ 
ressive stress and the concrete to tensile stress. Under certain 
conditions, the tensile stress in the steel may give rise to 
cracks. The total strain in reinforced concrete is markedly 
smaller than in plain concrete and depends on the amount 
of reinforcement. 

As with shrinkage, reinforcing steel restrains free creep 
deformations. In a loaded reinforced concrete member, the 
restrained creep leads to a redistribution of stress between 
the steel and the concrete. In a member subjected to 
a sustained compressive force, the stress in the concrete 
gradually decreases and that in the steel increases. Owing 
to the restrained deformation of the concrete, the amount 
of creep in reinforced concrete structures is by a factor of 
1.5 to 2 smaller than it is in plain concrete structures. 

Variations in the initial length of reinforced concrete 
structures duo to concrete shrinkage and temperature vari¬ 
ations might bring about a state of internal stress and cause 
damage to individual members. To avoid this, large struc¬ 
tures are divided into strain blocks by movement (expansion 
and shrinkage) joints. 

If a structure is repeatedly and regularly exposed to 
temperatures from 50° to 200°C, its strength and rigidity 
somewhat decrease. Because of this, the design character¬ 
istics of the concrete and steel roust be derated. If a struc¬ 
ture is intended for exposure to elevated temperatures 
exceeding 200°C, its load-bearing members should be made 
of heat-resistant concrete. 

Like plain concrete, reinforced concrete can serve for 
a very long time under normal exposure conditions. In 
corrosive environments, its service life may sharply decrease 
mainly duo to the corrosion of concrete. Corrosion-preventive 
measures for reinforced concrete are given in standards. 



CHAPTER THREE 


ANALYSIS AND DESIGN 
OF REINFORCED CONCRETE MEMBERS 


III.l. General 

In Soviet practice, reinforced concrete structures are cal¬ 
culated for design loads and the respective load combina¬ 
tions, assuming the design strength for concrete (Appendic¬ 
es III and IV) and for reinforcing steel (Appendices VI and 
VII), as established by relevant standards for the first 
and second groups of limit states. 

Depending on the exposure conditions and type of rein¬ 
forcing steel used, the requirements for the crack resistance 
of reinforced concrete structures maybe divided into three 
categories. 

Under the first category, no cracks are allowed in struc¬ 
tures. This applies to members subjected to the pressure 
of liquids or gases (such as tanks or pipes) and using high- 
strength reinforcement. For them, crack-resistance analysis 
is carried out with the loads multiplied by the overload 
factor n > 1 (as in strength analysis). 

Under the second category, short-time opening of limited- 
width cracks is allowed, provided that they close tightly 
after the load has been removed. This applies to outdoor 
structures and structures reinforced with high-strength 
steel. For them, crack-resistance analysis is carried out, 
taking the overload factor n > 1, and crack-closure analy¬ 
sis, taking the overload factor n = 1. 

Under the third category, short- and long-time opening 
of limited-width cracks is allowed. This applies to struc¬ 
tures reinforced with bars. In crack-resistance analysis, the 
loads arc multiplied by the overload factor n — 1. 

Relevant standards specify the characteristic values of 
axial cube crushing strength R ch , prism crushing strength 
ftpr, concrete tensile strength 7??f n , and the design values of 



38 Ch. 3. Analysis and Design 0 / Reinforced Concrete Members 


R, R pr and R, en for the first group, and R pr n and /? /enIT 
for the second group of limit states. 

The data given in this text apply only to heavy concrete 
as it is most commonly used in plumbing structures. 

The characteristic cube crushing strength of concrete is 
related to its brand number M (that is, its axial compressive 
strength R measured in kgf cm -8 or MPa) as follows: 

R"' = R (1 - 1.64u) 

where v is the variability of strength (for heavy concrete, 
v = 0.135), and 1.64 is a coefficient which ensures that 
the probability of occurrence for the characteristic strength 
is at least 0.95. 

The characteristic prism crushing strength of concrete is 
given by the following empirical formula: 

R c P r = R eh (0.77 - 0.000 1 R) 
but it is taken not less than 0.72 R ch . 

The values of the characteristic strength of concrete can 
be found in Appendix III. 

The design strength of concrete, R pr and R len (see Appen¬ 
dix IV), is found by dividing Rp' r and R e £ n , respectively, 
by the appropriate safety factors. For the first group of limit 
slates, the safety factors are fc Ci eom = 1.3 in compression 
and k c _ len = 1.5 in tension (when no particular limit is 
set on the characteristic axial tensile strength). For the second 
group of limit states, k c _ com = k e len = 1. 

For the first group of limit states, the effect that manu¬ 
facture and exposure conditions and the manner of load 
application have on concrete is accounted for by the service 
factor m c . In the USSR, eleven values of m c are set up by 
an appropriate standard, the most important of them being: 

—for naturally hardened and heat-cured heavy concrete 
in structures serving under conditions favourable for strength 
build-up (under water, in wet soil, or at a relative humidity 
of over 75%), rn cl = 1; 

—for all other cases, w r , = 0.85; 

—for autoclaved concrete, m fl0 = 0.85. 

For the second group of limit states, the design strength 
of concrete is determined, assuming that the service factor 
for concrete is in- = 1. 




lll.l. General 


The characteristic strength of reinforcement (see Appen¬ 
dices VI and VII) is established with allowance for the 
statistical variability of strength and is taken as the least 
observable value of the physical yield point or that of the 
proof yield point for reinforcing bars, and as the least 
observable ultimate strength for reinforcing wire. The 
minimum level of confidence for the characteristic strength 
of reinforcing steel required by relevant specifications is 
0.95. 

The design tensile strength of reinforcing steel, /?„, is 
found by dividing the characteristic strength 7?* ft by the 
respective safety factor k,. For the first group of limit 
slates, k s ranges between 1.1 and 1.25 for reinforcing bars 
and between 1.55 and 1.75 for reinforcing wire. For the 
second group of limit states, k $ = 1 for all classes of rein¬ 
forcing bars and wire. 

The design compressive strength of steel, R Si com , is 
taken equal to the respective tensile strength of the steel, 
R a , but not greater than 4 000 kgf cm -2 (400 MPa). 

The effect of service conditions (type of anchorage, type 
of reinforcement, load cycling, etc.) is accounted for by an 
additional service factor m a . For example, along inclined 
cracks not all stirrups are stressed to capacity (see Chap. VI), 
so a special service factor m 3%tt = 0.8 and a strength R t% tt 
are used. 

The design strength R a , R lt com , and R„ st (see Appen¬ 
dices IV and V) should be multiplied by the steel service 
factor m,. The most important of the six values of m, spe¬ 
cified by relevant USSR standards are: 

—in the stress transmission zone I (ron «m of non-anchored 
longitudinal reinforcement or in the anchorage zone l an 
of nonprestressed steel (irrespective of its class), 

m, 3 = IJltransm or m s3 = IJKn 

where l x is the distance from the beginning of the stress 
transmission zone to the section in question, and l a „ and 
Itransm arc as defined by Eqs. (III.26) and (III.27); 

—when high-strength longitudinal reinforcing steel works 
under stresses exceeding the proof yield point, m s4 (in more 
detail, this point is discussed in Chap. VI). 
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HI-2. Design of Prestressed Concrete Structures 

For any group of limit states, prestressed concrete struc¬ 
tures are designed to carry design loads together with the 
prestress. 

The amount of prestress in reinforcing steel and concrete 
is very important for the subsequent behaviour of members 
under load. Among other things, the crack resistance of 
concrete subjected to tension in service increases with 
increasing prestress. Also, shrinkage and creep of the con¬ 
crete and the relaxation of stress in the steel tend to diminish 
the prestressing effect. Therefore, if the amount of prestress 
was chosen low, its effect might be gone with time com¬ 
pletely. 

Experience shows that the prestress in concrete should 
be equal to about 40% to 50% of its strength at the lime 
of prestress transfer from the steel to the concrete (the 
transfer strength R 0 ). With this amount of prestress, the 
loss of prestress by reinforced concrete structures due to 
creep will not practically exceed a maximum safe value. 

Before the advent of cracking, loaded reinforced concrete 
members behave as elastic structures free from discontinuiti¬ 
es, so that the external loads arc shared by the concrete 
and the steel. 

Because the strain in the concrete is equal to that in the 
metal, e c = e s , the stresses in the concrete a c and the steel 
cr s in a member subjected to axial tension (before the onset 
of cracks) arc related as 

oJE e = oJE, (III.l) 

where E n and E s arc the moduli of elasticity of the concrete 
ana steel, respectively. 

The sum of forces acting in the concrete and steel is 
equal to the external force N 

N = o c F e + o 8 F s (III.2) 

where F c and F t are the cross-sectional areas of the concrete 
and steel in the reinforced concrete clement. 

Solving these equations simultaneously gives 

a c = NIF, r 


(III.3) 
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where 

and 

so lhat 


F tr = F c + tiF x 


n = EJE C 


o„ = no c 


(III.4) 


Here, F tr is the area of the transformed section where the 
steel area is replaced by its equivalent “concrete area”. 

In the absence of cracks in the tension area, the moments 
of inertia and resistance of the transformed section are 
found in a similar manner. 

As a rule, reinforced concrete structures can be prestressed 
mechanically or by electric heating. 

In the case of pretensioning, the resultant tensile force 
in all the prestressed tendons is balanced by the reactive 
force taken up by the abutments. When the member is 
released from the abutments, the resultant force acts in the 
opposite direction and produces the prestressing force N 0 
which is regarded as an external force. It is found as the 
product of the cross-sectional area F pr of the prestressed 
reinforcement and the prestress o 0 in the reinforcing steel 
prior to its transfer to the concrete: 

N 0 = F pr <j 0 (III.5) 

In an axially loaded member, the stress in the concrete 
subjected to 1 lie force N 0 is 

a c = N„/F lr (111.6) 


If the force ads with an eccentricity e 0 about the centroid 
of the transformed section, the stress is given by 

o c = NJF tr ± (AW^r) y (HI 7) 


where J lr is the moment of inertia of the transformed sec¬ 
tion, and y is the distance from the centroid of the transform¬ 
ed section to the fibre in question. 

The amount or prcslrcss is taken as follows: 

—for reinforced bars. 
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—for wire reinforcement, 

0.2/?,n + p ^ erg ^ 0.8 /?jh — p (III.9) 

where R,u is the design tensile strength applicable to the 
second group of limit states, and p is the permissible devi¬ 
ation from the specified prestress. In mechanical tensioning, 
p = O.05o 0 , and in tensioning by electric heating, 

p (kgf cm-*) = 300 + 3 600/1 (III.10) 

where l is the length of the tendon being tensioned in in. 

The initial prestress in the steel decreases with time for 
several reasons. Losses in prestress are customarily divided 
into the early losses which take place during the manufac¬ 
ture of a member and transfer of the prestress to the concrete, 
and the late losses which occur after the prestress has been 
transferred to the concrete. 

In the case of pretensioning, the early losses <t|? s 7i are 
made up of the losses due to the relaxation of stress in 
the steel o„ tho losses due to the difference in temperature 
a 2 , the losses duo to the deformation of anchorage near the 
tensioning devices o$P">, the losses due to steel friction 
o<P rt) , tho losses due to the deformation of steel forms <r 5 , 
and the losses duo to instantaneous creep cr„: 

ogsft-ff.+c, l-oy>"> |-o<p«) + CT 5 + a 6 (ill.ll) 

The late losses in pretensioning a|J,72 may bo regarded 
as the sura of the losses due to shrinkage, o$ pr< \ and the 
losses due to creop, o<P r,) : 

°lw7 2 = °» pr ' ) 'i • a * pre) (111.12) 

In postlonsioning, the early losses, OjJJJ?, are the sum 
of tho losses due to the deformation of anchorages o'p 050 , 
and the losses due to steel friction oJp 05 '’: 

oj£*»>= or° -f or*> (in.13) 

wliereas tho Into losses comprise the losses due to the relaxa- 
lion of stress in the steel, o 7 , the losses due to shrinkage 
o'P 0 *", the losses due to creep (T<P° n , the losses caused by 
the crushing of the concrete under the turns of spiral or 
ring reinforcement o 10 (in structures up to 3 m in diameter), 
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and the losses due to deformed joints between the precast 
blocks o„: 

ojg? a --= <*7 -I- cr<P°*‘> f ol ,,ost) + «r,o -I- On (111.14) 

Early Losses. 1. The losses due to the relaxation of stress 
in the steel are as follows: 
in mechanical tensioning (kgf cm - *): 

—high-strength wire and wire strands 

o, = (0.27 o 0 IR s „ - 0.1) CT 0 > 0 (III. 15) 


—bars 


o, = 0.1 o 0 — 200 ^ 0 

in tensioning by electric heating (kgf cm - *): 
—high-strength wire and wire strands 
a, = 0.05 a 0 

—bars 


<Xi = 0.03 <r 0 


(III.16) 


2. The losses due to the difference in temperature between 
the steel and abutments during the moist or heat curing 
of the concrete (kgf cm - *): 

a 2 = 12.5 A l 

where A t is the difference in temperature between the steel 
and the abutments in °C. If no data are available, A t should 
be taken as (>5°C. 

3. The losses due to the deformation of anchorages: 

—in l he case of pretensioning 

<j(p"> = XEJl (II1.17) 


where l is the length of the bar being tensioned, X = 2 ram 
for upset shims or crushed button or rivet heads, and X = 
= 1.25 ■!■■ 0.15rf for displaced bars in reusable grips (d is 
the bar diameter in millimetres); 

—in the case of posttensioning 

a(p«*n * (X x + x 2 ) E s ll (111.18) 


where ?i, — 1 rnm for upset shims and Xj = 1 ram for deform¬ 
ed anchorages. 
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The losses due to steel friction: 

—in tho cose of protensioning 

oi''"> = o 0 [1 - exp (— 0.250)1 

— in the caso of posllcnsioning > (111.10) 

o‘'" ,, ) = o 0 [l —exp ( —Ax —p0)| J 

where 0 is the total angular ciiange of the tendon along 
tho curved portion in radians (Fig. III.l), x is the length 
of the tendon from the jack to the section in question in 



Fig. III.l. To determining frictional losses in raceways 
I—tendon; 2—JuckliiK end; . 1 —iinclior.-ine 

metres, p is tho coefficient of friction between the tendon 
and the surrounding material, and k is the wobble coeffi¬ 
cient. The values of p and k arc given in Table III.l. 

Table III.l. Friction and Wobble Coefficients 






.met 

* 

'strands 

deformed bars 

With metal sheathing 

With concrcto surface: 

— made bv rigid duct for- 

0.003 

0.35 

0.1 

mer 

0 

0.55 

0.05 

former 

0.0015 

0.55 

0.05 


5. The losses due to tho deformation of steel forms in 
tensioning by jacks 

a 5 = l(i - l)/2il (Mil) E, 


( 111 . 20 ) 
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where { is Hie number of tendon groups tensioned simultane¬ 
ously, l is the out-lo-out distance of the bearing plates, and 
AJ is the yield of the abutments along the resultant pre- 
slrcssing force, determined by the form design. 

If no data on the form design are available, <r s is taken 
as 300 kgf cm- 2 (30 MPa). 

(i. The losses due to high-rale (instantaneous) creep. These 
losses occur due to an additional decrease in the length 
of the member during the first two or three hours after the 
transfer of the prestress from the steel to the concrete. This 
kind of loss is important in prclensioning. Creep in the 
concrete and, as a consequence, the respective losses in¬ 
crease with increasing prestress. When the member is allowed 
to harden fully in air, the loss of prestress is 


o„--500a pr //i 0 for a pr IR 0 ^a 

<j 0 = 500a - !-l 000/; (a pr //? 0 - a) for o pr IR 0 >a 


(III .21) 


where a Pr is the prestress in the concrete at the centroid 
of the prcslrcsscd steel taken with allowance for all the 
above losses, a — 0.G and b = 1.5 for M-300 concrete (and 
higher brands), and a = 0.5 and b = 3 for M-200 concrete. 

For heat-cured concrete, the losses defined by (III.21) 
arc multiplied by 0.85. 

Late Losses. 1. The losses due to the relaxation of stress 
in posttensioning are determined using Eqs. (III.15) and 
(II 1.16), that is, o 7 = a,. 

2. The losses due to shrinkage and contraction of a mem¬ 
ber are given in Table III.2. 


Table III.2. Loss of Prcstrcsa due to Shrinkage 
in kgf cm -2 (MPa) 


Concrete brand number | 

Prclcnslonim;, <Jg Prf ' 

Post tension- 

»*. or" 


1 air cured 

beat-cured 
al atmosphe¬ 
ric pressure 

irrespective 
ot hardening 
conditions 

M-400 and lower 

M-500 

and higher 

III 

si* 

350(35) 

400(40) 

500(50) 

300(30) 

350(35) 

400(40) 
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3. The losses due to creep after the prestress has been 
transferred from the steel to the concrete (irrespective of 
the type of prestressing). Wheu the concrete is allowed to 
harden fully in air, the losses are given by 

or(pw) _ gipost) = 2 000<T pr //?o for a pr A/?o<0.6 1 
aO’"> = o£"' M( > > (III.22) 

= 4 000 (a pr /i? 0 —0.3) for a pr /R 0 > 0.6 J 
where a pr is determined as for the loss due to high-rate 
(instantaneous) creep. 

When concrete is cured by heat at atmospheric pressure, 
the above losses are multiplied by 0.85. 

4. The losses due to the crushing of the concrete under 
the turns of spiral or ring reinforcement (for a pipe or tank 
diameter of up to 3 m), equal to o 10 = 300 kgf cm'* 
(30 MPa). 

5. The losses due to the deformation of joints between 
precast blocks, defined as 

o n = njkEJl (111.23) 

where nj is the number of joints and X is the amount of 
deformation taken as 0.3 mm for grouted joints, and 0.5 mm 
for dry joints. 

Any likely deviation from the specified preslross is account¬ 
ed for by applying the tensioning accuracy factor 

m ac = 1 ± A m ac (III.24) 

The plus sign is taken for unfavourable conditions (the 
deviation increases), and the minus sign is taken for favour¬ 
able conditions (the deviation decreases). 

In mechanical tensioning, A m ac = 0.1; in tensioning by 
electric heating, 

am« = 0.5(p/a 0 )(l + l/l/n) (III.25) 

but no less than 0.1. Here, n is the number of prestressed 
bars in the section, and p and a 0 arc the same as in Eqs. (III.8) 
and (III.9). 

In the calculations of prestress loss, crack width, and 
sag, A m ae may be taken as zero. 



III.3. Practical Hints for Design and Engineering 


47 


The total loss 


0|o*» — a lo»» 1 + °loa» l 

may be as high as 2 000 to 2 500 kgf cm' 2 (200 to 250 MPa) 
or even higher. In design calculations, the total loss is 
usually taken to be not less than 1 000 kgf cm -2 (100 MPa). 

III.3. Practical Hints for Design 
and Engineering 

The brand number of concrete for a particular reinforced 
concrete structure is generally chosen on the basis of appro¬ 
priate technical and economic estimates. Experience shows 
that for compressive members the best concrete brands are 
M-200 to M-400, for bending members M-150 to M-300, 
and for prestressed members M-300 to M-500. 

The cross-sectional area of longitudinal reinforcement 
is usually 0.3% to 3% of that of the concrete. As compared 
with plain concrete members, the reinforced concrete pro¬ 
ducts having this amount of reinforcement are free from 
brittle failure. 

If the amount of reinforcement is low, reinforced concrete 
members are prone to brittle failure much as plain-concrete 
members are. To avoid this, relevant standards establish 
the minimum amount of longitudinal reinforcement to be 
installed (in more detail this point is discussed in subsequent 
chapters). 

To ensure the composite action of the steel and the concrete 
at all stages of manufacture, erection, and service, and to 
protect the steel against corrosion and overheating, load- 
bearing reinforcement is installed in members so as to 
leave enough room for a protective concrete cover. 

Nonprestressed reinforced concrete elements should pre¬ 
ferably be reinforced with class A-III hot-rolled bars and 
class Bp-I or class B-I reinforcing wire 3 to 5 mm in diameter 
assembled into fabric and mats. Use may also be made of 
class A-II and class A-I hot-rolled steel, although it is 
customarily confined to transverse reinforcement. For non¬ 
prestressed structures intended to meet water tightness 
requirements, it is recommended to use class A-II and A-I 
einforcing steel. Also, such structures may sometimes be 
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reinforced wilh class A-III hot-rolled bars and class Up-1 
and B-l ordinary reinforcing wire. 

Prcslressed concrete slructurcs are reinforced wilh class 
A-IV (and higher grades) hot-rolled bars, reinforcing strands, 
and class B-II and Bp-11 high-strength reinforcing wire. 

Some types of reinforcing steel and their welded joints 
lend to fail owing to cold brittleness. Because of this, 
reinforced concrete structures intended for service at subzero 
temperatures from —30° to —40°C may not be reinforced 
with class A-IV (grade 80C), class A-II (grade BCr5nc2), 
and class A-I (grades Ct3i<ii2 and BCT3rnc2) hot-rolled 
bars. 

Nonprcslrosscd bars should be extended beyond the section 
where the steel is supposed to develop its full design strength 
for a length sufficient for proper anchorage: 

lan = ( m an RJR„ r + AX an ) d, (111.26) 

but not less than l an = \ an d or the minimum safe value 
mm whichever is the greater. The values of the quantities 
in Eq. (III.26) are given in Table III.3 for deformed bars. 
The figures in parentheses apply to plain bars. 

For anchorage at the outer free supports of bending 
members, the longitudinal bars must be carried past the 
Table II 1.3. Anchorage Length oi Nonprestressed Bars 


Anchorage 

conditions 

"•on 


*an 

.. 

Tensile steel in 
tension concrote 

0.7(1.2) 

11 

20 

250 

Tensile or comp¬ 
ressive steel in 
compression con¬ 
crete 

1 0.5 (0.8) 

8 

12(15) 

200 


internal face of each support for not less than 10<Z (sec 
Fig. Ill.2); if no transverse reinforcement is required by 
design calculations, the anchorage length may be reduced 
to not less than 5 d. If l nn has to be reduced as compared 
with the required anchorage length, the bars must be anchor- 
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cd wi 111 tilt! aid or short liars and plates, or hy welding them 
to embedded parts. 

Individual bars, welded-wire fabric and bar mats in 
reinforced concrete structures should usually be joined by 
welding. The types of welded joints arc shown in Fig. 11.12. 

In botli welded and tied-wire fabric and bar mats, the 
tensile nonprcslrcsscd bars up to 30 mm in diameter may 
be lap-spliced without welding. In this case, the lap, l lt 



I'ig. III.2. Anchorage of welded-wire fabric and bar mats at the free 
.supports of bending members 


should be not less than l an as defined by Eq. (III.26). The 
number of tensile bars that may be spliced at one joint 
should not exceed 25% of the total number in the case of 
plain bars and 50% in the case of deformed bars. It must 
be remembered that the joints should be located outside 
the sections where the tensile steel is supposed to act at 
its full strength. Reinforcing bars subjected to axial tension 
or to tension with small eccentricities arc not allowed to 
be lap-spliced without welding. 
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Wcldetl-wire fabric and wolded-bar mats with the load- 
bearing bars located on one side of the transverse bars are 
lap-spliced as shown in Fig. 111.3. Here, each lap should 
span at least two transverse bars. 

During concreting, the steel is held in its design position 
by pins, suspensions, or additional pieces of fabric and 
mats. 

The clear space between bars is chosen so as to facilitate 
placement and consolidation of the concrete mix. For 



Fit'. 111.3. Splicing of weldcd-wire fabric and tied-bar mats 
(a) Inp splicing in l<>a<l-l>eoring direction, plain wires, transverse wires in Ilia 
"—- —• '*■' — 1 plain wires, transverse wires in different planes; W) dr* 

... . .... .... . pjpjjg ne- 


i direction of erection (distribution) 


; (s) with additional splic< 


horizontal bars, the clear space should be not less than 
the bar diameter, nor less than 25 mm (whichever is the 
greater) for the lower reinforcement, and not less than 
30 mm Tor the upper reinforcement. For vertical bars, the 
clear space should be not less than 50 mm. 
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111.4. Engineering Hints 
for Prcslrcssed Members 

In the case of posttensioning, prestressed reinforcement 
(strands, cables, or bars) should always be anchored at the 
ends (Fig. III.4). The most common types of anchorage 
are the socket-type anchor and the Freyssinet anchor. In 
the former, a threaded stud is inserted into a cable and 
a mild steel fitting is put on the cable. When the anchor 





Fig. III./.. Anchorage of tendons (posltcnsioning) 

(a) sockci-lvpe anchorage; (6) Freyssinet anchorage; i—wires; 2 —stud with cir¬ 
cular grooves; a— socket; 4— threaded stud; 5—nut; a—female anchorconv; 7 — 
cone plug; a —sleeve 

is drawn through an upsetting ring, the fitting yields aud 
compresses the cable wires. The Freyssinet system uses 
a wedging principle. Here, a double-acting hydraulic jack 
is placed in position and grips the wires by means of wedges. 
The main piston is pumped to the required pressure and, 
while maintaining that pressure, the inner piston is pumped 
to drive home the plug. Deformed bars pretensioned by 
electric heating are usually anchored by upset bar ends and 
embedded shims with slots. 
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To ensure a proper bond between the concrete and the 
tendons, tbc raceways arc pressure-filled with cement or 
sand-cement grout after the tendons have been tensioned 
.and anchored. 

In the case of pretensiouing, deformed bars, deformed 
wire, and wire strands require no special anchoring devices, 
if the structure is made of a sufficiently strong concrete, 
(see Table II1.4) to ensure an ample bond. In all other cases, 

Tabic III.4. Minimum Concrete Brand Numbers 
for Prestressed Members 


Type of steel 

Class of steel 

Concrete 
brand number 

Bars without anchors, 10 to 1ft mm 




A-1V, At-IV 

M -200 


A-V, At-V 

M -250 


At-VI 

M-350 

Bars without anchors, 20 mm and 




A-IV, At-IV 

M -250 


A-V, At-V 

M-350 


At-V I 

M -400 

Wire with anchors 

B-II 

M -250 

Wire without anchors. 5 mm and 



more in diameter 

Bp-11 

M-250 

Wire without anchors, G mm and 



more in diameter 

Bp-II 

M -400 

Wire strands 

K-7 

.M-350 


preslresscd reinforcement must appropriately be anchored 
by suitable devices, because no self-anchoring will take 
place. 

Plain prestressed wire is always anchored at the ends 
(Fig. III.5). 

Anchors impose a concentrated force on the concrete, 
thereby giving rise to an overstress. Because of this, the 
end portions of members near anchors should additionally 
be reinforced with welded-wire fabric and stirrups, and 
the concrete cover at such sections should generally be made 
thicker (Fig. III.6). 

If reinforcing steel is installed without any anchoring 
devices, the prestress is transferred to the concrete within 





111.4. Engineering Hints for Prcslrcssed Members 


53 



|<'ig. III.5. Anchorage of plain high-strength wire with 
(a) short bars; (6) pipes; and (c) pins 



llic self-anchoring length at the ends. This length may range 
from 10 to 15 diameters in the case of bars, 30 to 70 diameters 
in the case of seven-wire strands, and 45 to 100 diameters 
in the case of deformed wire. Within the self-anchoring 
length, the concrete should additionally be reinforced with 
fabric, spirals, etc. 

The transmission length for prestressed steel without 
anchoring devices (the length where the stress is transferred 
from the steel to the concrete) is given by 
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Table 111.5. Transmission Length for Prestressed Steel 
Without Anchors 


Type and class of reinforcing steel 

m ir 

sx, r 

Deformed bars of any class and diame- 




0.3 

10 

Class Bp-11 high-strength wire: 



5 mm in diameter 

1.8 


4 mm in diameter 

1.8 

50 

3 mm in diamotcr 

1.8 

60 

Class K-7 wire strands: 



15 mm in diameter 

1.25 

25 

12 mm in diameter 

1.4 

25 

1) mm in diameter 

1.6 

30 

7.5, 6 and 4.5 mm in diameter 

1.8 

40 


where m/ r and AX lr are given in Table III.5, and o tr is 
taken to be equal to R s or <j„, whichever is the greater. 

For deformed reinforcing bars of any class, l lr is taken 
as not less than 15<7. 








CHAPTER FOUR 

MEMBERS IN AXIAL COMPRESSION 


IV. 1. Constructional Features 

For design purposes, it is often assumed that intermediate 
columns in buildings and other structures, the top chords 
of trusses loaded at their joints, the uprising and vertical 
web members of trusses (Fig. IV.l), and so on are in pure 
axial compression. 

In reality, however, various factors cause a departure 
from pure axial compression, so that what may] be cal¬ 
led eccentrical compression 
exists, with accidental ec¬ 
centricities. The values of 
accidental eccentricities are 
limited by relevant stan¬ 
dards. In design calcula¬ 
tions, accidental eccentri¬ 
cities should not exceed 
1/600 of the length of a 
member (as measured be¬ 
tween the supports), 1/30 
of the depth of a member, 
or 1 cm, whichever is the 
smaller. 

As a rule, columns are 
made square or rectangu¬ 
lar in cross-section. The 
cross-sectional dimensions 
of columns are found by 
calculation; to permit the 
use of standard formwork 
and reinforcing cages, they 
are chosen to be multiples of 50 mm. For better concret¬ 
ing, in-situ columns must measure not more than 25 cm 
on the'side. 



1 —intermediate column (equally loaded 
from either side): S —lop chord of truss 
(with load applied at Joints'): 3—up¬ 
rising diagonals; 4 —verticals 




5U 
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Columns are made with M-200, M-300, and M-400 con- 
crotcs. They are reinforced with longitudinal bars 12 to 
40 mm in diameter (load-bearing reinforcement), mostly 
of class A-II and A-III hot-rolled steel, and transverse bars 
of class A-I hot-rolled steel or cold-drawn low-carbon wire 



(Fig. IV.2). The longitudinal 
and transverse reinforcement 
is combined into bar mats 
or cages which may be either 
welded or tied (Fig. IV.3). 

The amount of longitudinal 
steel in the cross section of 
members in compression is ex¬ 
pressed in terms of the rein¬ 
forcement ratio (.t or the per¬ 
centage of reinforcement 
H% =(iX 100 = {FJF) X 100 

where F s is the total longitu¬ 
dinal steel area and F is the 
cross-sectional area of the 


Fig. IV.2. Iteinforeomi'iil of member. 

iiii'inhers in axial compression In practice, the pcrcent- 
/wrs"' « 1 —uoiicivt'"'ciivor~ro" a £ c of reinforcement usually 
iiidhiii'i c ri'inforcoment; o'-concn-to ranges between 0.4% and 3%. 
cover for transverse reinrorccineni In a column, the load-bear¬ 
ing bars should be installed 
as close to the surface as practicable, but leaving a sufficient 
concrete cover a c which, according to specifications, should 
be not less than the bar diameter or 20 mm, whichever is 
the greater. 

Columns up to 40 x 40 cm in cross section may be rein¬ 
forced with four longitudinal bars, which gives a clear 
space between the load-bearing bars close to the maximum 
allowed value. The minimum spacing between the bars 
depends on the concreting conditions (see Sec. III.3). 

Transverse bars aro installed without design calculations, 
but subject to appropriate rules. Among oilier things, the 
spacing between transverse bars should be such that the 
longitudinal bars can not buckle when loaded. This spac¬ 
ing, u lr , (see Fig. IV.2) is 20 d for welded reinforcing raws and 
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(o) wcl(U'<l-liar mats; (l>) tied mats: J—wcldod-bar mats; 2 —erection bare; 3— 

stirrups; j—additional slirrui>s; 5 —hooks 

15 d lor lied cages, but not more than 500 mm (here, d is 
the least diameter of the longitudinal compressive bars). 
The value of u lr is rounded to a multiple of 50 mm. 

The transverse bar diameter d lr in welded reinforcing 
cages is chosen so as to meet the requirements for weld¬ 
ability (see p. 33). The stirrup diameter for tied cages 
should he not less than 5 mm nor less than 0.25 d, where 
d is the maximum longitudinal bar diameter. 

The concrete cover for transverse steel, a' c , should be 
at least 15 mm. 

It is not recommended to use spliced longitudinal bars 
within the length of a member. 

In spliced reinforcing mats, the spacing between the 
bars with in a splice should not exceed 10c/ (where d is the 
diameter of the bars being spliced). 

IV.2. Design TJnder Accidental Eccentricity 

Kxpcrimenls (Fig. IV.4) have shown that the strength of 
short axially compressed members (often called stub co¬ 
lumns) is contributed by the concrete and longitudinal 
reinforcement In rlesin-n calculations, the concrete is assum- 
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ed to work at its ultimate strength and the steel, at its 
yield point, because a heavily stressed concrete experiences 
relatively high plastic strains. 

£ Obviously, if members are designed by the limit-state 
method, the resultant longitudinal force duo to design loads 
should not exceed the sum of in¬ 
ternal design forces in the concrete 
and reinforcement: 

N < R pr F + R a , co m F a (IV.l) 

where N is the design force, R pr is 
the design axial compressive strength 
of the concrete (prism crushing 
strength), and R,_ com is the design 
compressive strength of the rein¬ 
forcement. 

Appropriate specifications re¬ 
quire that long (slender) members 
axially compressed with acciden- 
Kig. IV4.slt s n»|.,.cim e ,i tal , eccentricities should be analy- 
after loading by an axial zed as eccentrically compressed 
compressive force members (see Sec. IV.l and Chap. 

VII). At Iq < 20k (where l 0 is 
the effective length of a member which depends on how its 
ends are fixed, and h is the depth of the member), some 
rectangular members symmetrically reinforced with class 
A-I, A-II, or A-II1 bars may be designed in terms of load- 
bearing capacity, assuming them to be axially loaded and 
subject to the following condition 

N < m<p ( R pr F + R a . com F a ) (IV.2) 

Here, F = kb (b is the width of the cross section), F s is the 
cross-sectional area of all longitudinal bars, m is the service 
factor equal to 0.9 for h ^ 200 mm and to unity for h > 
> 200 mm, tp is the coefficient found experimentally accor¬ 
ding to the duration of loading, slenderness, and type of 
member reinforcement 

<P - epe -I- 2 (cp s , - cp e ) /?,. c om FJR pr F (IV. 3) 

but taken as not more than (p <( . The values of <p e and <p S { 
are looked up in Table IV.l, where N t is the longitudinal 
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force due to the dead and long-time live loads, and P/ nl 
is the cross-sectional area of the intermediate bars (see the 
figure in the table). 

Given all the data on the cross-sectional geometry, reinfor¬ 
cement, materials, and load, the load-bearing capacity of 

Tabic IV.l. Values of <f c and (f>,< 
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2 — intermediate liars 

t' s — cross-sectional area of all longitudinal bars 


a member in axial compression can bo found from Eq. (IV.2), 
using I lie value of q> as found from Eq. (IV.3) and Table IV.l. 

If the cross-sectional dimensions of a member have already 
been assigned and it is only necessary to find the steel area, 
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use should be made of Eq. (IV.2) from which 

F, = N/m(pR s com — FR pr /R, com (IV.4) 

where <p is determined by successive approximations. 

When the load, effective length, and materials aie spe¬ 
cified in advance, the cross-sectional dimensions of a mem¬ 
ber and the steel area are determined on assuming <p = 
= m = i and F s = 0.01F. From Eq. (IV.2), we find 

F = N/nup ( R pr + ]iR s . com ) (IV.5) 

and select the nearest standard cross-sectional dimensions. 
Then we calculate IJh and select F„ in the above manner. 
If it turns out that the percentage of reinforcement of the 
designed cross-section fails to meet the condition 


1*111111% ^ 1*% ^ |*inax% 


the dimensions should be altered and <p and F s calculated 
again. The cross-sectional dimensions may be considered to 
have been selected correctly, if ji = 1% to 2%. 

Example 1V.1. Given: A column in axial compression. 
Its effective length is l 0 = 0.4 m, the design longitudinal 
force is N — 150 If -- 1 500 kN, the force induced by I he 
dead and long-time live loads is N t = 100 tf = 1 000 kN. 
The concrete is M-200 heavy concrete (m c , = 0.85); the 
reinforcing steel is class A-II hot-rolled deformed bars. 

To find: The cross-sectional dimensions and the stool 
area. 

Solution. According to Appendices II and IV, 

R pr - 00 kgf cm- 2 (0 Ml’a) 

and 

/?,. com ■= 2 700 kgf cm- 2 (270 MI>a) 

For <p — m = 1 and p — 0.01, Eq. (IV.5) yields 
/■ -.'V/(w CI R pr ) + (pfl s r „,„) 

• - 150 U00/(0.85 x 00 -!- 0.01 x 2700) 

— 1 450 cm 2 



We cliooso a 40 X 40 cm column for which F — 1 UOU cm 2 . 
The necessary ratios are 

IJb =* 640/40 16 

N,/N - 100/150 = 0.667 

The service factor m — 1, because h — 40 cm, which is grea¬ 
ter than 20 cm. 

Interpolating from Table IV.l gives 

<p c = 0.78 



(assuming that F int < FJZ). From Eq. (IV.3), we get 

q) = (p c + 2 (<p sl — <p c ) /?*, cornKWcl^;*!- 

= 0.78 -i- 2 (0.837 — 0.78) X 2 700 x 0.01/(0.85 x 90) 
= 0.78 + 0.04 - 0.82 

Since <p ought not to exceed <p s ,, we take tp = 0.82. Equa¬ 
tion (IV.4) gives 

F , = /V/m(p// s> com — Fm c xR pr IF *, com 

= 150 000/(1 X 0.82 X 2 700) - (1600 X 0.85 X 90)/2700 
= 22.4 cm 2 

For the above cross-sectional dimensions, the percentage 
of reinforcement is 

u% = (22.4 X 100)/(40 x 40) = 1.4 
Using p = 0.014 thus found and Eq. (IV.3), we obtain 
a refined value of (p = 0.83. The re-calculation gives F s = 
= 21.6 cm 2 . The obtained percentage of reinforcement 
(p = 1.4%) lies within the prescribed limits. So, the final 
choice is a 40 x 40 cm column reinforced by four class A-II 
longitudinal bars 20 mm in diameter and four class A-II 
longitudinal bars 18 mm in diameter ( F„ = 22.74 cm 2 ). 

On distributing the bars over the cross section, we can 
see that the condition F int <L FJZ is met. So, no further 
calculation is necessary. 

The diameter of the transverse bars in welded bar mats, 
d lr , is taken as 8 mm (sec Table II.2), the spacing is u lr — 
~ 35 cm, because u /r ^ 20(/ — 20 X 1.8 = 36 cm. 



CHAPTER FIVE 

REINFORCED CONCRETE MEMBERS 
IN AXIAL TENSION 


V.l. Constructional Features 


For design purposes, it is assumed that axial tension exists 
in arch strings, the bottom chords and descending diagonals 
of trusses, and the walls of round tanks for liquids (Fig. V.l). 
The basic engineering principles discussed in Chapter III 
also apply to members in axi¬ 
al tension. Main non prestressed 
reinforcing bars arc generally 
joined by welding; unwelded 
lap splicing is only allowed 
in slabs and walls. 




No joints are allowed in ten¬ 
sile prestressed reinforcement 
(bars, wire strands, and cab¬ 
les) used in linear members 
(such as arch strings and bot¬ 
tom truss chords). The steel 
should be installed symmet¬ 
rically over the cross-section 
of a member (Fig. V.2) in or¬ 
der to avoid, as far as possible, 
an eccentrical prestress in the 
member while the prestressing 
force is transferred to the con¬ 
crete (which may be done by 
releasing all bars at the 
same time or in groups). 

In the case of posttension¬ 
ing, the prestressed steel en¬ 
closed in ducts is unable to 
contribute to the strength of 
the members during the trans- 
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for of the prestress. Therefore, it is advisable to pro¬ 
vide prestressed members with a small amount of nonpre¬ 
stressed reinforcement (Fig. V.2 b). It should be installed 
closer to the outer surface, so 
as to protect the member 
against the likely eccentrical 
effects of the prestress. 

V.2. State of Stress and 
Design of Nonprestressed 
Members 

As the external load is gradu¬ 
ally raised, three characteristic 
stages can be traced in the 
stress-strain behaviour of a 
nonprestressed member sub¬ 
jected to axial tension. Stage 
I lasts until cracking begins 
in the concrete; stage II be¬ 
gins after cracking has occur¬ 
red in the concrete; stage III 
is one of breakdown. 

Stage I. Under the action of 
a tensile force N, the concrete 
and the steel of a member are deformed with an equal 
elongation, e s = e Ci len . Hence, the stresses in the steel 
and the concrete, a s and a Ci < en , can be related as follows: 

a s /E s r - o c . ten IE c% ten or ct s = o c , len EjE e , len (V.l) 

Experiments have shown that immediately before crack¬ 
ing the tensile modulus of elasticity of concrete, E e _ len , 
is approximately equal to half the initial tangent modulus 
of elasticity of concrete in compression, E c , that is, ten « 
« 0.5 E c . In the circumstances, the stress in the concrete 
is equal to its ultimate tensile strength R ten . Therefore, 

a s = 2 (E s /E c ) R len = 2nR ten (V.2) 


(a) 



Fig. V.2. Distribution of rein¬ 
forcing steel in prestressed li¬ 
near members subjected to axial 
tension 

(a) with pretensioning; (6) with post¬ 
tensioning; I—prestressed steel (bars, 
wire strands, and cables); 2 —non¬ 
prestressed steel; 3 —duct for pre¬ 
stressed steel; 4 —transverse bars 


where n — EJE C . 
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Immediately before the advent of cracking, when the 
stress in the concrete is a c% ieH - H lc „, the external tensile 
force N cr , defined as the sum of the forces in the concrete 
and the steel, is 

N er = <Jc. tenPc + O t F t = R,en (Fc + 2 nF.) (V.3) 

where F c and F, are the cross-sectional areas of the concrete 
and the steel, respectively. 

In nonpreslressed members, the tensile strength of the 
concrete is low, so the crack-inducing force is small and of 
minor importance. 

In a tensile reinforced concrete member, cracking begins 
just as the stress in the concrete reaches its ultimate tensile 
strength. At a cracked section, the entire tensile force applied 
to the member is taken up by the steel alone, so that the 
stress in the steel increases (see cr, cr in Fig. V.3 a). Here, 
the stress in the concrete, a e len , is zero, but on moving away 
from the crack it rises to i? (en . In regions where the stress 
reaches the ultimate tensile strength, adjacent cracks may de¬ 
velop (see Fig. V.3a). Consequently, the crack spacing, l cr , de¬ 
pends on how soon the stress reaches the ultimate tensile 
strength. Within this length, tangential stresses x b develop 
due to the bond between the steel and the concrete. The 
respective stress curves and the force distribution over 
the distance l er and other parts of the member arc shown 
in Fig. V.3. 

In the concrete portion of l cr , the resultant of the tangen¬ 
tial stresses x b is balanced out by the resultant of the normal 
stresses R len . Therefore, we may write 

R, en F c = *bS<i>l cr (V.4) 

where x h is the maximum tangential stress within the length 
l eT , S is the perimeter of the steel cross-section, and w 
is the factor taking care of the shape of the tangential stress 
curve. 

On designating 

Ji ten! (OTj, = T) 

f c is = pjynS - n/m 
1 *. = FJK 

u = FJS 


(V.5) 
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we use Eq. (V.4) to obtain 
the crack spacing 

l cr = r\FJS = i\u/ fi] 

(V.6) 

Stage II. After the onset 
of cracking, when the ex¬ 
ternal force N exceeds 
N ert the reinforced conc¬ 
rete member is divided 
by the cracks into blocks 
whose length is equal to 
l eT , these blocks being held 
together by the reinforcing 
steel (see Fig. V.3 b). In 
the cracked sections, the 
entire force N is taken up 
by the steel alone. The res¬ 
pective stress is 

o s = N/F, (V.7) 

Owing to the bond be¬ 
tween the steel and the con¬ 
crete, the steel stretched by 
the applied force makes the 
concrete work in tension 
within each block. Be¬ 
tween the cracks, the stress 
in the steel o sl is lower than 
it is in a cracked section, 
o s . In the concrete, the 
stress rises from zero at 
cracks to a maximum stress 
a e, ten which, obviously, 
cannot exceed i?, e „ {(see 
Fig. V.3 b). 

3The average stress in the 
steel, <j s- „,,, determined 
with allowance for the 
contribution from the con- 
5-014 
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Fig. V.3. iSlrcss-slrain slate of a 
member in axial tension 
(a) during cracking; (6) after onset of 
cracks; J—normal stress diagram for 
concrete; 2 —stress diagram for steel; 
a—tangential stress diagram for conc¬ 
rete; 4 —loading system .within ! cr ; 6 — 
loading system for steel within i er ;e — 
loading system for concrete within l er 
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Crete between the cracks, is smaller than a a , and the ave¬ 
rage elongation e a , „„ is smaller than tho elongation e a 
found without taking the concrete into consideration. In 
design, the contribution by the concrete between the cracks 
is expressed in terms of the following coefficient 

<|>* = <x a , av lo t = e a , (V.8) 

Graphically, the coefficient ij), may be defined as the ratio 
between the area under the steel stress curve over the length 
l er and the total area under the steel stress curve with the 
ordinate a, (see Fig. V.3i>): 

= {O'hr — G>, en <W cr )/<J,J er 
= 1 - co tf7l <J„/a, (V.9) 

where ©, a „ is the factor accounting for the shape of the steel 
stress curve over the length l eT . 

Tho crack width a er may approximately be defined as 
the elongation in the steel over the spacing l er between 
cracks (the elongation in the concrete may be neglected). 
Recalling Eq. (V.8), we may write 

a er = e 4>a p l er = ^ s B g ler = ’l(V.10) 

The relations derived for Stage II hold until the stress 
in the steel exceeds the limit of proportionality. 

Stage III. The member begins to break down when the 
stress in the steel exceeds tho limit of proportionality and 
the reinforcement experiences a nonelastic deformation. It 
is assumed that the member fails completely when the stress 
in the steel reaches the physical yield point a y (if the steel 
has one) or the proof yield strength o 0 . 2 (if the steel has no 
definite yield point). The force at failure depends on the 
ultimate strength of the steel alone (because now the concrete 
does not work in tension). 

Because the design method is based on the first group 
of limit states, the strength of a reinforced concrete member 
is checked for compliance with the condition 

N < R,P, (V.U) 

where N is the design force found from design loads, and 
R. is the design tensile strength of the steel. 
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As previously mentioned, the cracking resistance of non- 
prestressed members is of minor significance. As a first 
approximation, the incipient-cracking force may be defined 
as 

A r Ct cr = 0.8H c t t n F e (V.12) 

where the factor 0.8 accounts for the reduction in the characte¬ 
ristic strength of the concrete due to shrinkage. 

The crack width is determined for Stage II in the state 
of stress of a member. As already stated, Eq. (V.10) gives 
an approximate value of a cr . According to relevant stan¬ 
dards, the crack width should be calculated by the following 
empirical formula 

a eT (mm) = kc d i\o a 2Q(3.5 — lOOp) ^ d(mm)/E s (V.13) 

where k = 1.2, c d is the factor accounting for the duration 
of loading and assumed to be unity for short-time dead 
and live loads and 1.5 for multiply repeated loading and 
long-time dead and live loads (for heavy concrete cured in 
the air entire time), i] is taken as unity for deformed bars, 
1.2 for deformed wire and wire strands, and 1.4 for plain 
wire, a, is the stress in the steel found from Eq. (V.7), p 
is the reinforcement ratio calculated for the cross section 
assumed to be rectangular (leaving out the compressed over¬ 
hangs) of depth h 0 (p ^ 0.02), and d is the steel diameter. 

V.3. State of Stress and Design 
of Prestressed Members 

For our discussion, let F c and F Pr denote respectively the 
cross-sectional areas of the concrete and the prestressed steel 
of an axially prestressed member which is to work in axial 
tension, and a L , denote the stress in the steel before transfer 
of the prestress or when the prestress in the concrete falls 
to zero due to the action of external forces (real in preten¬ 
sioning and imaginary in posttensioning). 

State of Stress in Pretensioning. As noted in the previous 
chapters, the reinforcing tendons are laid into forms and 
tensioned to a 0 . The steel remains fastened to the abutments 
until the member is concreted and the concrete attains 
the transfer strength Rq. During this period, the steel suffers 
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the early losses, a loss ,, which occur prior to the transfer 
of preslress. As a result, the stress in the steel becomes equal 

tO (To Oi OS s i- 

The release of the tendons from the abutments is equivalent 
to application of an external compressive force 

("0 - 0,0,. ■) (V.14) 

When this force is applied to the concrete, the concrete 
and the steel contract by an equal amount, e c = e s . Accor¬ 
dingly, we may write 

Acr 4 = (E,/E c ) a c =[na c (V.15) 

where o c is the stress in the concrete and Aa s is the reduc¬ 
tion in the steel stress due to the transfer of prestress when 
the tendons are released from the abutments. 

After the tendons have been released from the abutments, 
the stress in the steel becomes 

<Jo — 0/os* i — n°c (V.16) 

Before the application of an external force, the tensile 
force in the steel is in equilibrium with the compressive 
force in the concrete 

F,„ (c 0 - <j,„, , - »cr c ) = f> t (V.17) 

Hence, 

O, = (tr„ - o,„. ,) F rr IF, r (V.18) 

where 

F, r = F e + nF pr (V.19) 

After the prestress has been transferred to the concrete, 
the late losses ct / os , 2 occur. Now the member is subjected to 
so-called steady-state stresses in the reinforcement 

Oo —(<*,„. 1 no,, (V.20) 

and in the concrete 

0C = [00 (0/OSS 1 + °l03S 2 )! F pr IF lr (V.21) 

When an external axial tensile force N is just applied 
to the member, the prestress in the concrete gradually de¬ 
creases until itiscancclled out completely. Now the stress 
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in the concrete is o t = 0, and that in the steel is 

°o — (<*»„« i +<*!«. 2 ) (V. 22) 

As the external tensile force builds up, the state of stress 
in the concrete passes through three stages (sec Sec. V.3), 
namely Stage I (prior to cracking), Stage II (after cracking), 
and Stage III (breakdown). 

At the end of Stage I, the stress in the concrete reaches 
the ultimate tensile strength. As the stress in the concrete 
rises from zero to the ultimate tensile strength, the stress 
in the steel increases by the amount defined by Eq. (V.2), 
equal, on the average, to 300 kgf cm - * (30 MPa). Conse¬ 
quently, recalling Eq. (V.22), the stress in the steel im¬ 
mediately before cracking is 

K - to, os, 1 + o lo „ ,)I 4- 2(V.23) 

From this slate of stress, the cracking force is calculated. 

During Stage II (after the onset of cracking), the external 
force in sections containing cracks is taken up by the steel 
alone. Between the cracks, the tensile force is resisted by 
both the steel and the concrete. 

In a cracked section, the stress in the steel is given by 

o s = (N — N 0 )IF, (V.24) 

where the prestressing force is 

N 0 = F pr [a 0 - (oioss 1 + 2 )1 (V.25) 

Finally, Stage III (breakdown) occurs. From the break¬ 
down stage, the load-carrying capacity of the member is 
calculated. 

More often than not, the prestress has an insignificant 
effect on the load-bearing capacity of a member. 

State of Stress in Posttensioning. In posttensioning, the 
load-bearing longitudinal prestressed reinforcement is laid 
in inner ducts or surface slots of the member and tensioned 
against its ends. Before the transfer of the prestress to the 
concrete, the steel stress suffers the early losses, 0 ; oss ,. 
After the pres tress has been transferred to the concrete, 
the stress in the concrete readies the value o r . The stress 
in the tendons is found by Eq. (V.18). 
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With time, the late losses, cr /0 „ occur in the steel. 
As this takes place, the stress in the concrete decreases to 
o c „ and that in the steel is given by Eq. (V.20). 

Now the member receives what is known as the steady- 
state prestress. 

When an external load is applied to the member and grad¬ 
ually increased, the prestress in the concrete is cancelled 
out and the concrete passes through the three stages of the 
state of stress. 

Limit-State Design of Members. Design in terms of the 
first group of limit states is carried out, subject to 

N < f? s . pr F pr + R S F , (V.26) 

where R,_ Vr and F Vr are the design strength and the cross- 
sectional area of the prestressed steel, respectively, whereas 
R s and F s arc the design strength and the cross-sectional 
area of the non-prestressed steel, respectively. 

As is indicated in Appendices VI and VII, the values 
of R s (R*. p r ) high-strength reinforcing steel are multi¬ 
plied by the service factor m si for class A-IV. At-IV, A-V, 
At-V, B-II, Bp-II, K-7 and At-VI steel. 

The tendency of prestressed members to crack when in 
axial tension is evaluated from the condition 

W<W cr 

where 

Ncr = R,en II ( F e + 2 E t F,IE c ) + N 0 (V.27) 

Here, N is the design force determined assuming character¬ 
istic loads and » > 1 or n = 1, depending on the category of 
cracking resistance required (see Sec. III.l), N cr is the nor¬ 
mal crack-inducing force, and N 0 is the prestressing force 
determined with allowance for the losses and the tensioning 
accuracy factor applicable to a given stage in the stale of 
stress. 

Tho tendency towards crack opening is evaluated, using 
Eq. (V.13) where 

a, -= (AT — N 0 )IF, (V.28) 

The requirements for crack closure (see Sec. III.l) arc 
taken to be satisfied, if tho following two conditions are met: 
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(a) no irreversible strain occurs in the prestressed reinfor¬ 
cement due to dead, long-time and short-time live loads, 
that is 

o 0 + <r* < fcff.n (V-29) 

where a, is the increment in the stress in the prestressed 
reinforcement due to external loads, k = 0.65 for reinforcing 
wire, and k = 0.8 for bars; 

^(b) the 'action offdead and long-time live loads leaves 
the prestress in the concrete equal to at least 10 kgf cm 4 
(1 MPa). 




CHAPTER SIX 

REINFORCED CONCRETE MEMBERS 
IN BENDING 


VI. 1. Constructional Features 

The most common reinforced concrete members in bending 
are slabs and beams. Slabs are defined as flat members whose 
thickness h, is much smaller than their length l s and width 
b t . Beams are defined as structural members whose length l 
considerably exceeds their depth h and widtli b. These 
members are used in many reinforced concrete structures, 
most often in precast, in-situ and precast/in-situ floors and 
roofs (Fig. VI.1). 

Slabs and beams can be single- and multi-span. 

Slabs. The thickness of slabs cast in-situ ranges between 
60 and 100 mm, whereas precast slabs should bo as thin 
as permitted by relevant standards. 

Figure VI.2 a shows a one-way, single-span slab; Fig. VI.2 b 
shows an in-situ one-way, multi-span slab carried by a num¬ 
ber of parallel supports. Such slabs deform as beams under 
various loads, provided the loads d« not change in a direc¬ 
tion normal to the span. 

Slab reinforcement consists of welded-wire fabric (see 
Sec. II.3). The fabric is installed with its load-bearing wires 
running along the span to resist tensile forces induced by 



Tig. VI. 1. Reinforced concrete.floors 
(a) precast; (t>) in-sllu; 1— slabs; 2 — beams 
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Bctidiny nmwv.nt diuyrum 
(with uniformly 
distributed loud) 

^ 



Fiji- VI.2. Slab reinforcement 

(a) single-span slab; (6) iiuilU-span slab with conlinuous ivinforccmcnl: (c) mul¬ 
ti-span slab with separate reiiiforcenienl; /—luad-bearini: bars; 2 —erection bars 

bending. On the whole, its arrangement follows the bending 
moment curve (see Fig. VI.2). Thus, within the span, the 
fabric is placed in the lower part of the slab; in multi-span 
slabs, the fabric is additionally placed in the upper part, 
above the intermediate supports. The fabric reinforcement 
used in multi-span slabs may be continuous (see Fig. VI.26) 
or sectionalized, that is, consisting of separate parts 
(Fig. VI.2c). 

Load-bearing wires are from 3 to 10 mm in diameter, 
with a spacing of 100 to 200 ram. 

The min imiim concrete cover for load-bearing reinforce¬ 
ment is 10 mm; for super-thick slabs (in excess of 100 mm), 
it is 15 mm. 
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Fig. VI.3. Beam cross sections and typos of reinforcement 
( n) rectangular beam; (6) T-bcam; (c) I-beam; (rt) trapezoidal bonm; I—longi¬ 
tudinal bars; 2 —transverse reinforcement 

Transverse wires (distribution reinforcement) arc installed 
to hold load-bearing wires in their design position, to reduce 
shrinkage and thermal strain in structures, and to distribute 
the stress due to concentrated loads over a larger area. 
They may be smaller in diameter than load-bearing wires, 
but the total transverse area should be not less than 10% 
of the load-bearing steel area at places where the bending 
moment is a maximum. Transverse wires arc spaced 250 
to 300 mm apart, but not wider than 350 ram. 

At the outer free (infixed) supports, the load-bearing 
wires are anchored as shown in Fig. III.2a. 

In some cases (slabs of a complex configuration in plan 
or having a large number of voids), where standard welded- 
wire fabric cannot be used, slabs are reinforced with separate 
wires bound together by manually applied tie wire. 

Reinforced Concrete Beams. The most common types are 
rectangular beams, T-beams, I-beams, and trapezoidal beams 
(Fig. VI.3). 

According to the load and type of structure, the beam 
depth h may vary from 1/10 to 1/20 of the span. For unifica¬ 
tion, the beam depth is taken as a multiple of 50 mm if it 
does not exceed 600 mm or a multiple of 100 mm if it is 
greater. 

The width of rectangular beams, b, ranges from 0.25 h 
to 0.5 h. The actual sizes arc 100, 120, 150, 200, 220, and 
250 mm. Sizes in excess of 250 ram are made as multiples 
of 50 mm. To reduce the concrete consumption, the beam 
width should be made as small as possible. Over the cross 
section, the load-bearing reinforcement is installed in ope 



or two rows with a spacing sufficient for concreting without 
leaving voids or cavities. The necessary spacings and covers 
are given in Fig. VI.4. 

As in slabs the arrangement of longitudinal load-bearing 
reinforcement in beams follows the shape of the bending 
moment curves in the tension zones where it is to resist 
the longitudinal tensile forces induced by bending loads. 
As a rule, it consists of deformed bars 12 to 32 mm in diame¬ 
ter; plain bars are used more rarely. 

In addition to bending moments, reinforced concrete 
beams are subjected to shearing forces. To carry these forces, 
beams require transverse (or shear) reinforcement. The area 
of transverse reinforcement is found by calculation and 
from structural considerations. 

Longitudinal and transverse reinforcement is welded into 
bar mats (see Sec. II.3); if no welding machines are available, 
they can be joined together with tie wire. Tied reinforce¬ 
ment is more labour-consuming, and its use is warranted 
only when it is impossible to fabricate welded-bar mats. 

Welded-bar mats arc combined into reinforcing cages in 



Fig. VI.4. Distribution of reinforcement over a beam cross section 
a c —concrete cover for load-bearing reinforcement; concrete cover tor erec¬ 
tion reinforcement ; d—largest diameter of load-hearing bars; e. -clear space 
between bottom bars (when placing concrete); e,-clear space between top bars 
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which the horizontal transverse bars arc spaced 1 to 1.5 in 
apart. 

The reinforcement of a single-span beam using wcldod- 
bar mats is shown in Fig. VI.5c. When use is made of tied- 
bar mats (Fig. VI.5&), stirrups in rectangular beams arc 
made of closed design, whereas in T-bcams where the rib 
is made fast to the solid flange on cither side, the stirrups 
may be open at the top (they arc then known as U-stirrups). 

Bending moment diugram 
(with uniformly distributed load) 
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Beams wider Ilian 35 cm use multiple stirrups. In tied-bar 
mats, the stirrups should be at least (> mm in diameter for 
beams up to 800 mm deep, and not less than 8 mm in dia¬ 
meter for deeper beams. 

To meet design and erection requirements, the spacing 
between the transverse bars (or stirrups) in the longitudinal 
direction should be not more than M2, or 150 mm for beams 
up to 450 mm in depth, and not more than k/3, or 500 mm 
for beams deeper than 450 mm, whichever is the smaller. 
In beams subjected to a uniformly distributed load, this 
requirement holds for 1/4 of the span starting from the sup¬ 
port; in beams subjected to concentrated loads, this portion 
extends father out to the nearest load. In the remaining part 
of the span, the spacing between transverse bars (or stirrups) 
may be greater, but not more than 3/4A or 500 mm, which¬ 
ever is the smaller. 

Transverse bars (stirrups) in beams more than 150 mm in 
depth are installed even if they are not required by analy¬ 
sis. 

In beams more than 700 mm deep, the side faces are addi¬ 
tionally reinforced with longitudinal bars spaced not more 
than 400 mm apart in the vertical direction. These bars toge¬ 
ther with transverse reinforcement do not permit inclined 
cracks to open on the side faces. 

The top beam faces are reinforced with longitudinal distri¬ 
bution bars 10 to 12 mm in diameter, installed during erec¬ 
tion; they are necessary to combine all reinforcing elements 
into a cage that would be stable during concreting. In pre¬ 
cast beams, the distribution bars may serve as load-bearing 
(or main) bars in transit and erection. 

Instead of, or in addition to, transverse bars, use may be 
made of inclined bars. They are more effective than the 
former because they are better aligned with the direction 
of the principal tensile stresses in a beam. Transverse bars, 
however, are preferable because they are more convenient- 
to install. 

Inclined bars are usually installed at 45° to longitudinal 
bars. In beams deeper than 800 mm, they may be installed 
at up to 00°, whereas in beams with a smaller depth and 
beams subjected to concentrated loads, inclined bars are 
positioned at 30°. 
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When beams arc reinforced with tied cages (made of class 
A-I and A-U steel), it is good practice to bend up some of the 
longitudinal load-bearing bars so as to reduce the steel con¬ 
sumption and to improve the construction of the cage 
(Fig. VI.56). The straight portions of bends in plain bars 
should have hooks at their ends. 

Precast multi-span beams are fabricated from individual 
single-span members containing welded reinforcing cages 
(Fig. VI.5c). The position and 
length of load-bearing reinfor¬ 
cement in a cage are chosen 
from bending moment dia¬ 
grams plotted as for a multi¬ 
span beam. At the joints above 
the intermediate supports, the 
exposed ends (stick-outs) of 
the top load-bearing bars are 
field-welded together, using 
temporary back-up plates to 
contain a pool of molten me¬ 
tal; the bottom bars are wel¬ 
ded to permanent back-up 
plates with the help of attachment fittings embedded in¬ 
to the precast members. After welding, the joints are con¬ 
creted. 

In-situ cast multi-span T-beams reinforced in the spans 
with welded bar mats (Fig. VI.5d) have welded fabric instal¬ 
led above the intermediate supports. The load-bearing bars 
of the fabric run along the span; they are intended to carry 
the forces existing in the tension zone above the supports. 

In prestressed members subjected to bending, the arrange¬ 
ment of reinforcement follows the shape of curves plotted 
for bending moments and shearing forces caused by tho 
load. Curved prestressed tendons (Fig. VI.6a) are most 
efficient because they follow the path of the principal tensile 
stresses best of all, but such reinforcement is more complex 
than the one using straight tendons (Fig. VI.66). In ad¬ 
dition to the steel of area P pr in the tension zone, beams 
reinforced with straight prestressed tendons also use the steel 
of area Fj r at the opposite face, ranging between 0.15F’,, r 
and 0.25/p r . This reinforcement is useful in deep beams 


(a) 



Fin. VI.C. Types of prestressed 
beam reinforcement 
(a) curved progressed tendons) (6) 
straight prestressed tendons 
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Fig. VI.7. Distribution of reinforcement in the tension zone of pre- 
stressed members 

(a) deformed bars; (b) strands or cables in ducts; (c) high-strength wire; I—pre¬ 
stressed steel; 2—longitudinal nonprestressed steel; 2—transverse reinforcement 

where the prestressing force applied outside the kern 
causes at} the top face a tension which may result in 
cracking^during manufacture. The steel, F' pr , is seldom 
used in slabs. 

_JThe best choice for beams in bending is I-beams (see 
Fig. VI.3c) and T-beams with sufficiently wide ribs (see 
Fig. VI.36). The flanges in compression are proportioned 
to suit the compressive resultant of the internal couple 
induced by the bending moment under load. The tension 
zone should be sufficiently wide to accommodate the neces¬ 
sary reinforcement and resist the prestress in prestressed 
members. 

Prestressed steel is installed in tension zones as is shown 
in Fig. VI.7. Here, the concrete cover and the spacing between 
the pretensioned bars and strands are chosen in accord with 
Fig. VI.4. In posttensioning, the concrete cover should be 
not less than 40 mm nor less than the duct width or half 
the duct height. 

For prestressed members, special emphasis should be 
placed on the design of the reinforcement of beam ends near 
supports. If the prestressed reinforcement has no bent-up 
portions near supports it is necessary cither to prestress the 
transverse reinforcement or to enlarge the sectional area 
within the transmission length at the ends of a prestressed 
member. In the latter case, additional nonprestressed trans¬ 
verse steel should be installed. Its cross-sectional area should 
be large enough to resist the acting force equal to at least 
20% of tfc" *— • • ■ • ' • 
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Fig. VI.8. Local re in force men t of prcslrcsscd beam ends 
(a) transverse welded fabric; (ft) stirrups or embracing welded fabric 

ment (in the bottom zone at the support), as found by 
strength analysis (that is, R a F al ^ 0.2 R a F, lr ). The ends 
of non-prestressed transverse bars should be welded to 
embedded fittings. 

The concrete at the ends of prestressed members containing 
steel with and without anchors, that is, where it has to 
resist considerable concentrated forces which may cause 
local overstresses and destroy the concrete, should additio¬ 
nally be reinforced with fabric or stirrups spaced 5 to 10 
cm apart (Fig. VI.8). The length of the zone in question, 
l, is taken equal to twice the anchorage length, or, in 
the absence of anchors, it should be not less than 0.G l, n 
nor less than 20 cm. 


VI.2. State of Stress in Bending Members 

Let us examine a single-span simply supported reinforced 
concrete beam loaded by two symmetric concentrated for¬ 
ces. The beam area between the loads is under pure bending t 
that is, it is subjected only to the bending moment M, the 
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Fig. VI.9. Reinforced concrete beam in bending 

/—portion subjected to both M and Q\ //—portion subjected to M only 

shearing force being zero (Fig. VI.9). At a certain amount 
of loading, normal cracks (those at right angles to the long¬ 
itudinal axis of the beam) begin to form in the tension zone 
of this area. The portions between the support and load 
are subjected to both the bending moment M and the shear¬ 
ing force Q. It is here that inclined cracks occur. 

According to the amount of reinforcement in the tension 
zone of the member, one of two modes of failure may occur. 

Mode 1. The member fails when the stress in the tensile 
reinforcement reaches the physical or proof yield stress, and 
the stress in the compressed concrete reaches the ultimate 
compressive strength (nonbrittle failure). 

Mode 2. The member fails when the stress in the concrete 
reaches the ultimate compressive strength, and the stress 
in the reinforcement is below the yield point (brittle failure, 
overreinforced section). 

According to the Loleyt principle*, relevant Soviet stand¬ 
ards do not generally recommend to use overreinforced mem¬ 
bers, because they fail suddenly and not all of the tensile 
steel strength is used to advantage. 

Numerous experiments have shown that under a gradually 
increasing load, the state of stress at normal sections within 
the pure-bending portions of nonprestressed beams reinfor- 


* The Russian scientist A. F. Loleyt (1868-1983) was one of the 
founders of llte proseiit-clay theory of reinforced concrete. 
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Fig. VI.10. Stages of the stress stale at normal sections in the zone 
of pure bending 

(n) nonprestressed member; (6) preslrcsslnjj stage; (c) Stage l in a preslrcsscd 
member 


ced in compliance with the Loleyt principle passes through 
three successive stages (Fig. VI. 10a). 

Stage I. This refers to the initial stage of loading, before 
cracks occur in the tension zone of the concrete. During 
this stage, the steel and the concrete elongate together owing 
to the bond between them. By the end of Stage I, the stress 
in the tensile concrete, a Ci len , follows (in graphic interpreta¬ 
tion) a curvilinear path owing to a nonlinear relationship 
between stress and strain. It attains a maximum value 
equal to the ultimate tensile strength of concrete ( R ten in 
Fig. VI.10a). In the compression zone, the a c curve is nearly 
triangular in shape. At the end of Stage I, the member is on 
the verge of cracking. The cracking resistance of nonprestres¬ 
sed members is low, so the final phase of Stage I occurs in 
them at small loads. 

Stage II. This applies to the state of stress after the concrete 
in the tension zone has developed cracks. In sections contain¬ 
ing a crack, all of the tensile force is taken up by the reinfor¬ 
cing steel. Between the cracks, the concrete continues to 
work in tension owing to its bond with the steel, so the 
stress in the reinforcement is somewhat lower (see Fig. V.3). 
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As a result, the neutral axis assumes a varying position which 
shills along the beam (see Fig. II.4). During Stage II, the 
stress cr c in the compression zone of the concrete is very 
high, and its plot becomes curvilinear owing to the inelastic 
properties of the concrete. At this stage, the stress in the 
compression zone is still below the ultimate compressive 
strength of the concrete, R pr (see Fig. VI. 10a). 

Between cracks, each block of concrete is locally subjected 
to compressive forces induced above the cracks. Because of 
this, the stress in the concrete is distributed nonuniformly 
along the block length, being a little smaller in the middle 
portion. 

At the end of Stage II, the reinforcing steel undergoes 
a marked plastic deformation which corresponds to the yield 
point. 

Stage III. This stage takes place when the load imposed on 
the member exceeds the load-bearing capacity. As the load 
increases, the stress in the reinforcing steel a, reaches either 
the physical yield stress o y or the proof yield stress a 0 
(see Fig. VI.10a). With a further rise in the load, the stress 
in a steel having a definite yield point does not increase 
because at the yield point it undergoes a considerable defor¬ 
mation at a constant stress, whereas in a steel having no de¬ 
finite yield point it rises slowly. In the compression zone, 
the ordinates of the stress curve increase, the depth of the 
compression zone decreases and, as a consequence, the arm 
of the internal couple increases. The member fails because 
the concrete in the compression zone is crushed when the 
stress in the concrete, <j c , reaches the ultimate compressive 
strength li vr (failure mode 1). Overreinforced members tend 
to collapse due to the crushing of the concrete in the compres¬ 
sion zone even when the stress in the tensile reinforcement 
is below the yield point (failure mode 2). 

In prestressed members, the concrete in the zone which is 
expected to be in tension under service load is subjected to 
a prestressing force A^ 0 applied with an eccentricity so that 
a considerable amount of prestress is developed. In the 
circumstances, the zone likely to work in compression under 
service load usually contains an insignificant region of ten¬ 
sile stresses (Fig. VI. 106). 
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During prestress, the envelope of stress in the concrete is 
curved because the rate of stress is rather high. 

At the initial stage of loading, the prestress is first gra¬ 
dually cancelled out (see Fig. VI. 106), then the member 
moves into the first stage discussed above (Fig. VI.10c). 

Owing to a relatively high compressive prestress in the 
concrete, the member develops a considerable cracking re¬ 
sistance. Therefore, Stage I during which no cracks develop 
in the concrete lasts for a much longer time. At the end of 
Stage I, the stress curve for the concrete in prestressed mem¬ 
bers (see Fig. VI. 10c) is similar in shape to that for non- 
prestressed members (see Fig. VI. 10a), but the tension 
zone is less pronounced. 

As compared with the prestress plot (see Fig. VI.10b), 
the stress diagram of a loaded member during Stage I (see 
Fig. VI.10c) is opposite in both the sign and size of the 
compression and tension zones. 

Prestressed members deform almost elastically till the 
very end of Stage I (the onset of cracking). 

During Stages II and III, prestressed members behave in 
the same manner as their nonprestressed counterparts. It 
should be noted that, according to experimental data, the 
prestress has generally little effect on the normal-section 
strength of a member in the region of pure bending. 

The stages in the state of stress discussed above are useful 
in the analysis and design of reinforced concrete elements. 
Before cracking, members are considered to be working ela¬ 
stically. The end of Stage I serves as a basis for the inci¬ 
pient-cracking analysis of prestressed members. According 
to the category of cracking resistance requirements, Stages I 
and II are useful in the analysis of sags and crack closure 
for medium amounts of loading. The end of Stage III is 
useful in the analysis of members for load-bearing capacity 
and normal-section strength. 

In the regions of a beam where a bending moment is ac¬ 
companied by a shearing force (sec Fig. VI.9), failure occurs 
along inclined sections. Here, two cases can be distin¬ 
guished. 

Case I. Under an increasing load in excess of the ultimate 
strength of the steel, the two portions of the beam rotate 
relative to each other about an axis located in the compres- 
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(a) 




Fig. VI.H. Inclined-section failure of a beam 
(a) Cnsc /; (b) Case II 


sion zone and lying on an extension of the inclined crack. 
As the crack opens up and grows longer, the compression 
zone shrinks progressively until it collapses (Fig. VI.11a). 
This mode of failure is similar to that along normal sections. 

Case II. The compression zone fails owing to the joint 
action of the compressive stress and the shearing force 
(Fig. VI. 11 b). This mode of failure is characteristic of mem¬ 
bers using strong properly anchored longitudinal reinfor¬ 
cement which easily bends but does not come anywhere 
near the stale of yield. 

The nature of failure along an inclined section is laken 
into account in the analysis of members for load-bearing 
capacity in terms of inclined sections. 

The stress-strain behaviour of reinforced concrete mem¬ 
bers discussed above is borne out by numerous experiments 
and theoretical research, and forms a basis for the present- 
day theory and design of reinforced concrete members. In 
the USSR, major contributions to this theory have been 
made by A. F. Loleyt and A. A. Gvozdev. 


VI.3. Normal-Section Strength Analysis of Members 

Members of an Arbitrary Symmetric Cross Section. Let 
us consider a nonpreslressed member subjected to bending. 
In the adopted loading system, it is assumed that the mem¬ 
ber is subjected to a bending moment M computed for de¬ 
sign loads, and forces in the steel and concrete, determined 
for stresses equal to their design strengths (Fig. VI.12). 
For simplicity, the curved stress distribution diagram for 
the compression zone is replaced by a rectangular diagram, 
but this affects the value of the moment insignificantly. The 
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I-’iff. VI. 12. Load ill}; syslrm for the normal-section sirens* l li analysis 
of members in bnttliiifr 

stress in the concrete is taken to be the same as for I lie en¬ 
tire compression zone and equal to R,, r , the design prism 
crushing strength. 

The member may have a cross section of any geometry, 
provided it is symmetric about the plane of flexure. In the 
general case, the tension zone contains reinforcement of 
area I'\ and of design tensile strength R s . The compression 
zone may also contain steel of area F' s and of design compres¬ 
sive strength R s , C om- 

In Fig. VI.12, the letter a designates the distance from 
the resultant of the forces in the steel of area I'\ to the ten¬ 
sile face, a' is the distance from the resultant of the forces 
in the steel of area F' s to the compressive face, h 0 is the 
effective depth of the section, F c is the cross-sectional area 
of the compression zone in the concrete, and z c is the dist¬ 
ance from the centroid of the compression zone to the resul¬ 
tant of the forces in the tensile steel. 

The resultants of the forces acting in the steel and the 
concrete are 

AT, - R S F„ 1 

N c R,, r F c l 

N' x = R ,. com F' s J 


(VI.1) 
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From the equilibrium of the internal forces 

R,F, - n pr F c - r, = o (Vi.2) 

wc may find the cross-sectional area F c of the compression 
zone in the concrete and its depth x (see Fig. VI. 12). 

The member is considered to be sufficiently strong if the 
external design bending moment does not exceed the design 
bearing capacity of the member, expressed in terms of the 
opposing mcxnent of the internal forces. In the case of mo¬ 
ments about the axis normal to the plane of flexure and pas¬ 
sing through the point where the resultant of the forces in 
the tensile steel of area F s is applied, the condition for 
strength is the following inequality 

M < R Pr F e z c + /?,, com F; (fe 0 - a') (VI.3) 

For high-strength reinforcing steel, the values of R„ in 
Eqs. (VI. 1) through (VI.3) given in Appendices VI and VII, 
should be multiplied by the service factor 

— (m 3i - 1) | II R (VI.4) 

where m s4 = 1.2 for class A-IV and At-IV bars, m tlt = 1.15 
for class A-V, At-V, B-II, Bp-II, and K-7 reinforcement, 
and m t 4 = 1.1 for class At-VI steel, | is the relative depth 
of the compression zone defined as | = x/h 0 (for x calcula¬ 
ted without m.,. applied). 

Members most effective in bending without brittle failure 
(Sec. VI.2) are those in which x ^ | R h 0 . 

The limiting relative depth of the compression zone is 
given by 

!r — 5./|l + (1 — ?,/H)/4 0001 (VI.5) 

where | 0 is the characteristic of the compression zone in the 
concrete; for heavy concrete, it is found from 

So = 0.85 - 0.000 8 R vr (VI.6) 

o A is the proof stress in the steel given by 

o A = R k -h 0.002 E- - R t + 4 000 (VI.7) 
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Kig. VI. 13. Itcclangular beam with tensile steel only and the loading 
system for the normal-section strength analysis 


for steel without a definite yield point (class A-IV and high¬ 
er), class B-II and Bp-II wire, and strands or by 
a A = R, 

for steel with a definite yield point (classes A-I, A-II, and 
A-III), and wire (classes B-I and Bp-I), not generally 
used for prestressing. Here, R s is the design tensile strength 
of the steel, multiplied by all service factors m sn , except m„. 

For concrete with m cl = 0.85 (see Sec. 111.1), the factor 
“4 000" in Eq. (VI.5) must be replaced with "5 000”. 

If the depth of the compression zone as determined from 
Eq. (VI.2) exceeds | R h Q , the member may be analyzed 
using Eq. (VI.3) for x = IrK. 

Rectangular Beams with Tensile Steel Only. A uonpre- 
stressed rectangular beam with tensile steel only lias the 
following geometry (Fig. VI.13): 



The depth of the concrete in compression, x, is determined 
on tho basis of Eq. (VI.2) from the following expression 
bxRp r = R s F a (VI.9) 

From Eq. (VI.3) it follows that the condition for strength 
has the form 

M < R Pr bx (h 0 - 0.5x) (VI.10) 

This may also be conveniently expressed in terms of the 
moments about the centroid of the compression zone 

M ^ R,F t (h 0 - 0.5x) (VI.ll) 




Equations (VI.9) and (VI. 10) or (VI. 11) are used in com¬ 
bination, if 


x < InK 


where \ R is given by Eq. (VI.5). 

The reinforcement ratio p = FJbh 0 and the percentage of 
reinforcement (p, X 100) may, in view of Eq. (VI.9) and 
because | = x/h 0 , be expressed as 


p=|/? pr /i? s 
p(%) = 100|i? pr //? ; , 


(VI.12) 


Hence, we may find the maximum allowable steel area in 
a rectangular section from the limiting values of E n , subject 
to the condition in Eq. (VI.5). 

If x >• Who, the bending moment is found by Eq. (VI.10) 
or (VI.11) as for x = | R fh 0 . 

From an analysis of Eqs. (VI.10) and (VI. 11) it follows 
that a member may be sufficiently strong with various com¬ 
binations of cross-sectional dimensions and steel area. 

In practice, the cost of reinforced concrete members is 
close to optimal if 

p = 1 to 2% and | = 0.3 to 0.4 for beams 
p = 0.3 to 0.6% and % = 0.1 to 0.15 for slabs 


A section with specified b, x, and F„ (the materials and 
bending moment M are assumed to be known) is tested for 
strength in the following sequence. First, we find the 
depth of the compression zone x from Eq. (VI.9), then we 
test it to see if it satisfies the condition x ^ 5 h^o< an d fi¬ 
nally use Eq. (VI.10) or (VI. 11). 

A section is considered to be chosen correctly, if its load- 
bearing capacity expressed in terms of the moment is equal 
to the specified design moment or exceeds it by not more 
than 3 to 5%. 

Example VI. 1. Given: The design bending moment indu¬ 
ced by dead, long- and short-time live loads is M = 7.6 tf m 
(76 kN m); the beam width is b = 20 cm, and the depth is 
h = 40 cm; the longitudinal steel consists of four class 
A-III deformed bars 16 mm in diameter; the concrete is 
M-200 (the service factor for the concrete is m f) = 0.85), 
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Check the member for strength at a normal section. 
Solution. From Appendices IV and VI we find 
R Vr = 90 kgf cm -2 (9 MPa) 

R, = 3 600 kgf cm- 2 (360 MPa) 

F„ = 8.04 cm 2 

The effective depth of the member for a = 3.5 cm is 
h 0 = h — a = 40 — 3.5 = 36.5 cm 
From Eq. (VI.9), the depth of the concrete in compression is 
x = R s F s ltn cl R pr b 
= (3 600 X 8.04)/(0.85 X 90 X 20) 

= 18.9 cm 

From Eqs. (VI.6) and (VI.5), we find 
So = 0.85 — 0.0008 R }tr = 0.85 — 0.000 8 X 0.85 X 90 
= 0.79 

ln= Eo/H + «,(1 - So/l-D/5 0001 

= 0.79/11 + 3 600 (1 - 0.79/1.l)/5 0001 = 0.653 
The condition x ^ £/i 0 is met because 

| = x/h 0 = 18.9/36.5 = 0.518 < = 0.653 

According to Eq. (VI.11), the load-bearing capacity of 
the section is 

R,F, {k 0 - 0.5x) = 3 600 X 8.04 (36.5 - 0.5 x 18.9) 

= 783 000 kgf m 
= 7.83 tf m 
= 78.3 kN m 

which is 3% in excess of the design moment, M = 7.6 tf m 
(76 kN m). So, the member meets the condition for strength. 

Sections arc chosen for the specified moment, using 
Eqs. (VI.9) and (VI. 10)) or (Vl.11), with their left-hand 
Sides set equal to the right-hand sides. 



In practice, rectangular beams with tensile steel only are 
designed with reference to an auxiliary table, sucli as Tab¬ 
le VI.1 and Eqs. (VI.9) and (VI.11) are re-written as follows 

M = A 0 bh*R Vr (VI.13) 

F s = Mh)h 0 R t (VI.14) 

where 

A 0 = X {1 - 0.5 x/h 0 )lh 0 = |(1- 0.5|) (VI.15) 

r| = z c /h 0 = 1—0.5 xlh 0 = 1 — 0.5£ (VI.16) 

The effective depth of the section is found from Eq. (VI.13): 

h 0 = VMIA 0 bR pr (VI.17) 

The coefficients A 0 and r|, as found from Eqs. (VI.15) 
and (VI. 10), are given in Table VI.1 for ease of computation. 

The dimensions b and h should be chosen as follows. As¬ 
sume the section width b and look up the coefficient A 0 in 
Table VI. 1 for the recommended |. Then using Eq. (VI.16), 
determine the effective depth h 0 and the overall depth h = 
= h 0 -1- a , and select the nearest standard size. If the values 
of b and h thus found do not meet the required conditions 
of design or manufacture, refine them by going through the 
above sequence of steps once more. 

The necessary steel area F s should be found as follows. 
First, deduce A„ from Eq. (VI.13). Then get and | from 
Table VI.1 for A n thus found. Determine F, by Eq. (VI.14). 
Finally, check to see if the condition of Eq. (VI.4) is sa¬ 
tisfied. 

Table VI. 1 may also be used to check a member for 
strength. In this case, calculate p = FJbh 0 , using the 
known data on the section, and also | from Eq. (VI.12), 
checking it for compliance with the condition x^\nK- 
Then, using £, find A 0 from Table VI.1, and calculate the 
maximum bearable bending moment by Eq. (VI.13). 

Example VI.2. Given: A rectangular beam subjected to a 
bending moment M — 8.5 If m (85 kN m), induced by dead, 
long- and short-lime live loads. Concrete: M-200 (w c! = 
~ 0.85). Reinforcement: class A-II deformed bars, 

To find: The values of 6, h, and F v 






















Solution. From Appendices IV and VI, we find 
R ]lr = 90 kgf cm- 2 (9 MPa) 
and 

R, -= 2 700 kgf cm- 2 (270 MPa) 

Assume b = 20 cm and £ = 0.35. In Table VI.1, 5 = 0.35 
corresponds to A 0 = 0.289. From Eq. (VI.17), we obtain 

h, ~v MIAJ>R„m„ = V 850 000/(0.289 >. 20 x 90 X 0.85) 
= 43.8 cm 

The overall depth is h = h 0 + a = 43.8 + 3.5 = 47.3 cm. 
We choose h = 45 cm (a multiple of 5 cm) and h 0 = 45 — 
— 3.5 = 41.5 cm. From Eq. (VI.13), we get 

A 0 = M/bh 2 0 R pr m cl = 850 000/(20 X 41.5* X 90 X 0.85) 

= 0.323 

In Table Vl.l, this corresponds to q = 0.797 and l = 
= 0.405. From Eq. (VI.14) we obtain 
F s = M/r\h 0 R s = 850 000/(0.79 X 41.5 X 2 700) = 9.55 cm 2 
Equations (VI.6) and (VI.5) yield 
l 0 = 0.85 — 0.000 8 R pr = 0.85 - 0.000 8 X 0.85 X 90 
= 0.79 


5r = So/U + Rs (1 - 6*/i.i>/5 000J 

= 0.79/11 -|- 2 700 (1 — 0.79/1.l)/5 000] = 0.G87 

The condition x ^ * s me ^* b 0cause £ = 0-^05 < 
< Ih = 0.687. So, we may take four class A-II bars 18 mm 
in diameter with an area F s = 10.18 cm 2 (see Appendix VIII). 

Example V1.3. Given: A slab subjected to a design moment 
of 380 kgf m (3 800 N m) per metre of its cross-sectional 
length (due to dead, long- and short-time live loads), rhe 
thickness is h = 8 cm. Reinforcement: standard welded- 
wire fabric 150/250/6/4, made of class B-I plain wire. Con¬ 
crete: M-150 heavy concrete (m eX = !)• 

Check the slab for strength. 
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Solution. From Appendices IV, VII, and IX, 

H,, r — 70 kgf cm -2 (7 MPa) 

R a = 3 150 kgf cm -2 (315 MPa) 

The design cross-sectional area of the load-bearing (longitu¬ 
dinal) bars per metre run of the fabric is 
F, = 2.07 cm 2 
The effective depth of the slab is 

h = h 0 — a — 8 — 1.5 = 0.5 cm 
The percentage of reinforcement is 
p = iOOFJbh,, = (100 X 2.07)/(100 x 0.5) - 0.32% 
From Eq. (VI.12), we get 

| = pRjmR pr = (0.32 X 3 150)/(100 x 70) ™ 0.144 

which is obviously smaller than In¬ 
in Table VI. 1, | = 0.144 corresponds to A a ~~ 0.134. 
From Eq. (VI.13), we obtain 

A 0 bhlH,, r = 0.134 X 100 x 0.5 2 X 70 
= 39 000 kgf cm 

As is seen, the load-bearing capacity of the section is greater 
than it is required for the design moment M — 380 kgf m 
(3 800 N m). 

T-Section Members. These are used rather frequently as 
separate reinforced concrete T-beams (Fig. VI.14« and b) and 
as parts of in-situ and precast panel floors (Fig. VI. 14c and 
d). A T-section consists of a flange and a rib. 

T-section members are more advantageous as compared 
with rectangular members (the dashed line in Fig. VI. 14a), 
because for the same load-bearing capacity (which does not 
depend on the cross-sectional area of the tension zone in a 
reinforced concrete member) they require less concrete owing 
to a reduced tension zone. For the same reason, T-section 
members with the flange in the compression zone (see 
Fig. VI. 14a) are preferable because the flange located in the 
tension zone (see Fig. VI.146) does not contribute to the 



bearing capacity of the member. As a rule, T-raembers have 
tensile steel only. 

With wide flanges, the overhang areas more distant from 
the rib are stressed less. So, design calculations use the 
equivalent overhang b 00 (see Fig. VI. 14c and d). It is taken 
equal to not more than half the clear space between the 
ribs, c, nor more than 1/6 of the span of the member on either 
side of the rib. In members with flanges having h) ^ 0.1 ft 
without transverse ribs or with 
ribs spaced wider apart than 
the longitudinal ribs, b OB 
should not exceed 6 h). For 
separate T-beams with over¬ 
hanging flanges (see Fig. 

VI. 14a), b 0D should be 
max 6 h) for h^ 0.1 h 
max 3ft/ for 0.05h^h'f^.0Ak 

For h} <Z 0.056, flange over¬ 
hangs arc not taken into ac¬ 
count in design calculations. 

In T-sectiou members, the 
neutral axis may run either 
within the flange (Fig. VI. 15a) 
or below the flange (Fig. 

VI.156). 

The former case, where 
occurs in T-sections with 
large overhangs. Here, the T- 
section is designed as a rectan¬ 
gular section with the dimensions b) and h 0 (see F.g. VI. 15a), 
because the concrete area in the tension zone does not affect 
the load-bearing capacity of the member. 

The design formulas for nonprestressed members are 

R Pr b',x = R S F, (VI.18) 

M < Rp r b'i (K - 0.5z) (VI. 19) 

or 

M ^ A 0 R pr b'ihl 

where A„ is taken from Table VI.1. 



(C) jJWl 

' b?7?f?-rr)vrr/>\/rr't/rr>!-r! | 

Fig. VI.14. T-seclions 
(a) beam with the fiance in com¬ 
pression; (6) hcam witli the fiance in 
tension; (c) T-scclion in an in-situ 
floor; (d) T-scctlon in a precast flo¬ 
or; J—flange; 2— rib; j—coinpres- 


(VI.20) 
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Fig. VI. 15. Two design cases lor T-scctions 

(a) neutral axis within the Flange; (b) neutral axis lielow tile Fiance 



The latter case, where x > A}, occurs in T-members with 
narrow overhangs. Here, the compression zone of the section 
includes the compression zone of the rib and the overhangs. 

The depth of the compression zone is found from the 
following equation 

R t F, = R vr bx + R pr (6/ - b) h', (VI.21) 

With moments taken about the axis normal to the plane 
of flexure and passing through the point of application of 
the resultant force in the tensile steel, the condition for 
strength is as follows: 

M < R,, r bx (/t 0 - 0.5*) + /?,„ (6/ - b) ft} (//.„ - 0.5ft}) 

(VI. 22) 

For T-section members, x should not exceed | n ft 0 . 

Experience shows that the overall depth of a T-bcam may 
approximately be taken in the range 

ft= I5^J? lo 20, J /« (VI.23) 

where ft is in cm and M is in tf m. 

The rib width is usually taken as 

b = 0.4ft to 0.5A (VI.24) 

The dimensions b', and ft} are most frequently known from 
the layout of the structure. The steel area F s necessary to 
accommodate the design moment is found according to the 
position of the neutral axis. If the neutral axis lies within 
the flange, F, is determined from Table VI.1, assuming 
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lhat the section is rectangular, with the width b) and the 
depth h 0 , and has tensile steel only. 

Which of the two cases is involved may be found as fol¬ 
lows. 

1. All of the section parameters, including F a , are known. 
Then, if 

RJP, < Rprb'M (VI.25) 

the neutral axis lies within the flange. Otherwise, it is lo¬ 
cated in the rib. 

2. The dimensions b), h }, b and h and the design bending 
moment are specified, but F s is unknown. Then, if 

M < R pr b',h', (h 0 - 0.5 h',) (VI.26) 

the neutral axis lies within the flange. Otherwise, it cros¬ 
ses the rib. 

For the neutral axis lying below the flange, Eqs. (VI.21) 
and (VI.22) may be re-written, recalling that x = |/t 0 and 
taking into consideration Eq. (VI.15), thus 

R,F, = tR pr bh 0 + R pr M - b) h', (VI.27) 

M < A 0 Rp r bh\ + R pr (b'i - b) h) (h 0 - O.bk',) (VI.28) 

where the coefficients | and A 0 are taken from Table VI.1. 

The above expressions may be used to choose the section 
geometry. If it is necessary to determine F„ calculate from 
Eq. (VI.28) 

A„ = IM — Rpr (b'f - b) h' t (/t 0 - 0.5 h',)\/R pr bhl (VI.29) 

Then find | corresponding to the computed A 0 from Tab¬ 
le VI.1, and determine the steel area from Eq. (VI.27) 
F, = llbh 0 + (b't - b) k* f ] R pr IR s (VI.30) 

If it is necessary to check a section for strength, when all 
data are known, which of the two cases applies can better be 
determined from Eq. (VI.26). Then (if the neutral axis hap¬ 
pens to run below the flange), the depth of the compression 
zone is found from Eq. (VI.21). Further calculations are 
carried out by Eq. (VI.22). 

Example VI.4. Given: A T-beam subjected to a design 
bending moment of 45 tf m (450 kN m) due to dead, long- 
and short-time live loads; h = 70 cm ( h 0 = 66 cm), b = 


7-014 
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— 25 cm. Design flange width is b) — (50 cm, h) = 8 cm. 
Concrete: M-200 heavy concrete (m cl - 0.85). Reinforce¬ 
ment: class A-II1 deformed bars. 

To find: F s . 

Solution. From Appendices IV and VI, we find that R,, r = 
•= 90 kgf cm -1 (9 MPa) and R„ = 3 600 kgf cm -2 (3(50 MPa) 
for bars more than 10 mm in diameter. 

Which of the two cases applies can be determined, using 
Eq. (VI.26): 

m el R„ r b',h', (h 0 - 0.5AJ) = 0.85 X 90 X 60 X 8 (66 
- 0.5 X 8) = 2 280 000 kgf cm 

This is less than M = 45 tf m (450 kN m). So, the neutral 
axis crosses the rib. Equation (VI.29) gives 

A„ -- \M — m cl R, lr (b'i — b) h' t (h 0 — 0.5hf)]lm cl R,, r bhl 
= [4 500 000 - 0.85 X 90 (60 - 25) x 
x 8 X (66 — 0.5 x 8)]/(0.85 X 90 X 25 X66-) 

= 0.381 

In Table VI.1, this corresponds to ti = 0.512. According 
to Eq. (VI.30), the necessary steel area is 
/■', = |EWt 0 + (b'i - b) h',\ m el R pr IR, 

-■ 10.512 x 25 X 66 + (60—25) X 81 0.85 X 90/3 600 
- 23.9 cm 

We may lake (sec Appendix VIII) two class A-III bars 
18 min in diameter and with F, = 24.72 cm 2 . 

The coefficient l = 0.512 is smaller than £r — 0.653 
(see Example VI.l), so the condition for the use of the de¬ 
sign formulas is met. 

VI.4. Inclined-Section Shear Strength Analysis 

Basic Design Formulas. Members in bending fail at inclined 
sections owing to the simultaneous action of bending mo¬ 
ments and shearing forces at a given section. Consider the 
internal forces developing in the steel and the concrete in 
the compression zone at an inclined crack. Figure VI.16 
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shows a near-support part of a reinforced concrete member 
containing longitudinal, transverse, and diagonal reinfor¬ 
cement. This part is separated from the rest of the member 
by a section coinciding with an inclined crack. 

To have an ample shear strength, a member should sa¬ 
tisfy two conditions, because both M and Q exist in the 
portion in question (see Fig. VI.9, portion /). In the design 
force diagram (Fig. VI.16), it is assumed that the member 
is subjected to the moment and 
the shearing force that would z 

exist under design loads, and Y q c 

that the stresses in the steel p i i i\i ill hi I n c 

and the concrete are equal to V T | l, !j ■ T ~ 

their design strengths. Then, ! ^ v. -L 

the conditions for strength 1 '. « 

are —i — — - 

M D ^R.F s z + 2R,F b z b 71 J 

-}-2 R s F tr z tr (VI.31) 5 1 

Q d ^ 2i? s tr F b sin a 

P , n /VT QO\ Fig. VI.16. Design loading dia- 
+ <r -I- Vr gram at au inclined section 

Here, F„, F tr , and F b are the (quantities in tho brackets give 
areas of tile longitudinal rein- ^ forces in tie transverse and 
forcemeat, transverse reinfor- 

cement (stirrups), and diagonal f 0 r resistance to the applied 
reinforcement (bent-up bars), bending moment) 
respectively; Q c is the shearing 

force resisted by the concrete in the compression zone at the 
inclined section; a is the angle between the bent-up bars and 
the longitudinal axis of the member; z, z b and z tr are the 
lever arms for the forces in the longitudinal, diagonal, and 
transverse bars; M D and Q D are the design bending moment 
and shearing force taken about point D. 

Equation (VI.31) gives the condition for strength with 
regard to the bending moment. The shear strength of a mem¬ 
ber is considered adequate if the bending moment M D due 
to all the forces applied to the part in question does not 
exceed the sum of the moments due to the internal design 
forces in the longitudinal, transverse, and diagonal reinfor¬ 
cement, taken about the same fulcrum. 


diagonal bars, taken for the 
analysis of tho inclined sections 
for resistance to the applied 
bending moment) 

l the compression zone at the 
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Equation (VI.32) gives the condition for the shear strength 
of a member. A member is considered to have an ample 
shear strength, if the shearing force Q D due to all the forces 
applied to the selected part does not exceed the sum of the 
projections of the internal design forces on the axis normal 
to the longitudinal axis of the member, and the shearing 
force carried by the concrete of the compression zone. 

Some of the transverse and diagonal bars in an inclined 
crack lying closer to the compression zone cannot act at 
their full strength because the crack is narrow there. Accor¬ 
dingly, Eq. (VI.32) uses a design strength R s .t r which is 
somewhat lower than R s (see Appendix VII). In Eq. (VI.31), 
the design strength is not reduced because the moments of 
the forces in the transverse and diagonal bars located close 
to the fulcrum are small and do not significantly affect 
the final results. 

The design shearing forces carried by the concrete in the 
compression zone is given by the following empirical for¬ 
mula 

Qc = k 2 R ttn bh\lc = Blc (VI.33) 

where B = k 2 R len bhl , k t is an empirical coefficient taken 
as 2 for heavy concrete, h 0 is the effective depth of the 
member, b is the width of a rectangular member, or the rib 
or web width of a T- or I-beam, and c is the projection of 
the inclined section on the axis of the member. 

The condition defined by Eq. (VI.31) can usually be met 
without calculation, by adequate proportioning which will 
be discussed later. The condition defined by Eq. (VI.32) 
generally requires an appropriate computation. 

Practical recommendations require that the maximum 
shearing force for rectangular, T-, and other similar sections 
should be 

Q < O.Z5R pr bh 0 (VI.34) 

If this condition is met, the web concrete between inclined 
cracks will stand well the inclined compressive stress. 

If design calculations predict no inclined cracks in a 
member, shear strength analysis need not be carried out. 
The required strength is given by the following empirical 
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formula 


Q ^ kjRtenbko 


(VI.35) 


where k x is equal to 0.6 for heavy concrete. 

Transverse Bar Design. Let us examine a member in 
bending, which contains trans¬ 
verse reinforcement without 
bent-up bars. This is the most 
commonly used type of rein¬ 
forcement. 

Of all inclined sections 
likely to originate at point B 
(Fig. VI. 17), we shall choose 
for design purposes the section 
having the least load-bearing 
capacity. As will be recalled 
Qd = Q~ pc 



ZRs.trFtr <HrC J 


(VI.36) 


Fig. VI.17. Forces in transverse 
bars, taken for the inclined- 
section analysis of a beam 


where Q is the shearing force 
at the beginning of the incli¬ 
ned section (see Fig. VI. 17), and q tT is the force carried by 
the transverse bars per unit length of the member. 

Substituting Eqs. (VI.33) and (VI.36) into Eq. (VI.32) 
gives 

Q < (qtr + P) C + Blc (VI.37) 

The least load-bearing capacity of the inclined section 
will obviously be given by 

dQ/dc = (q lr + p) — Blc 2 — 0 

Hence, the projection of the chosen (“design") inclined 
section is 


c ■- YB/(q lr + p) = Vk-iRi en bhll(q ir -f- p) (VI.38) 

Substituting Eq. (VI.38) into Eq. (VI.37) gives the con¬ 
dition for the shear strength in terms of the least load- 
bearing capacity of the inclined section 

Q<2 Vmq„ -\ 
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Substituting for B from Eq. (VI.33) into the above expres¬ 
sion gives the shearing force Q lr ,c carried by the stirrups 
and the concrete at the design inclined section 

Qt T , e = 2Vk,R, en bh t 0 (q tr + p) (VI.39) 

For design purposes, the load p is frequently taken to be 
uniformly distributed. Actually, however, it is concentra¬ 
ted at few points, so it may so happen that it does not exist 
at all over the entire length of an inclined section. There¬ 
fore, the load should be taken into account only when it is 
uniformly distributed (such as earth or water pressure). 

Putting p = 0 in Eqs. (VI.38) and (VI.39), we find that 
the shearing force that the concrete of the compression zone 
and the stirrups can carry is 

Q„.' = 2 VWU&, (VI-40) 

The projection of the design inclined section is 

c 0 = Vk 2 R, en bhl/q lr (VI-41) 

Referring to the diagram of Fig. VI.18, we may write 
<7irU = Ii 3 ,trfi r n or 

q tr ii = R t , lr F tn F tr = f tr n (VI.42) 

where u is the spacing between the transverse bars (stirrups), 
f lr is the cross-sectional area of one transverse bar (stirrup), 
and n is the number of transverse bars within the section of 
the member. 

In design calculation, the diameter of transverse bars and 
their number within the cross-section of the member are 
usually specified in advance, so f tr n = F tr is regarded as a 
term known beforehand. 

An idea about the required amount of reinforcement may 
be formed from Eq. (VI.40) 

q tr = Q*l4k 2 bhlR H . n or q, r > R ltn bl2 (VI.43) 

whichever is the greater. This value of q lr should be matched 
by the force in stirrups per unit length of the member 

qtr = R,,trF,rlu (VI. 44) 



VI.4. Inclined-Section Shear Strength Analysis 


103 



Fig. VI. 18. Design inclined sections in different beam portions 
(n) with different spacing between transverse bars; (6) between support and 
concentrated load, provided a < co 

It should be kept in mind that the spacing between the 
transverse bars ought not to exceed a value such that a li¬ 
kely crack would lie anywhere between two adjacent bars 
where the member owes its strength solely to the concrete 
in the compression zone. In this case, the condition Q ^Q e 
holds. Using Eq. (VI.33) and multiplying the result by 
the coefficient 0.75 which accounts for likely departure of 
cracks from design direction due to the nonunifonnity of 
the concrete, and also for the likely inaccuracy in the loca¬ 
tion of the stirrups, we find that the spacing between the 
transverse bars should not exceed 

'“max = 0.1bk z R len bh\IQ (VI.45) 

Apart from design conditions, the spacing between the 
transverse bars should also be satisfactory from certain 
engineering considerations (see Sec. VI.1). 

The spacing and diameter of transverse bars may vary 
from part to part of a beam. Therefore, the origin of the 
design diagonal sections is chosen at the support face and 
where Q = Q tr<c n (Fig. VI.18a), and the shearing force i 
assigned the design value applicable at these points. The 
member portion with q tr i runs from the support to the 
point where Q = Q tr- c n (see Fig. VI.18a). 

If a member is subjected to a concentrated load P applied 
at a distance a <Z c n from the support, an inclined crack 
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may occur between the support and the point where the load 
is applied (Fig. VI. 186, section /-/). The condition for 
strength in this case is derived from Eq. (VI .37) in which c 
is put equal to a: 

Qi ^ <7<r a + Bio 

or, recalling Eq. (VI.33), 

Qi < q lr a + KR ttn bh\la (VI.46) 

Hence, the force per unit length of the beam, carried by the 
transverse reinforcement in section /-/, is 

£1 - <hla (V 1 -* 7 ) 

According to Eq. (VI.43), the force in the stirrups for 
section II-II past the point of application of load P may be 
determined from the following formula 

qV,' U = (<?i - P) 2 /M 2 bhin ten (VI.48) 

The amount of transverse reinforcement is assigned accor¬ 
ding to which of the two terms, q}~ r l or <//,•' , is the 
larger. 

Example VI.5. Given: A beam with b — 20 cm and h = 
= 40 cm (//„ = 30.5 cm), subjected to a shearing force of 
8 If (80 kN). Concrete: M-200 heavy concrete (m ci = 1). 
Transverse reinforcement: class A-II bars. 

To find: The values of F tr and u ma %. 

Solution. From Appendices IV and VI, we find that 
R vr = 90 kgf cm- 3 (9 MPa), R ten - 7.5 kgf cm' 2 (0.75 MPa), 
and llgjr — 2 150 kgf cm -2 (215 MPa). 

A check to see if Eqs. (VI.34) and (VI.35) arc satisfied 

A*|/f| cn Wt 0 ^ Q ^ 0.35 R vr bh 0 

On substituting the numerical values, we obtain 

0.6 x 7.5 x 20 x 30.5 = 3 300 kgf (33 kN) < Q 
= 8 000 kgf (80 kN) < 0.35 
X 90 X 20 X 30.5 
- 23 000 kgf (23 kN) 
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As is seen, transverse reinforcement is necessary, and the 
chosen cross-sectional dimensions of the beam are acceptable. 

We take two transverse bars 6 mm in diameter ( f lr = 
= 0.283 cm 2 , F lr = 0.283 X 2 = 0.566 cm 2 ). 

According to Eq. (VI.43), the design force per unit length 
of the beam, carried by the transverse bars is 
q lr = QyAk,bh 2 0 R ten = 8 000 2 /(4 X 2 X 20 X 36.5 2 X 7.5) 
= 40 kgf cm -1 (400 N cm -1 ) 

which is less than 

R ten b/2 = 7.5 X 20/2 = 75 kgf cm -1 (750 N cm -1 ) 

Equation (VI.44) gives the spacing between the trans¬ 
verse bars 

u = R s ,i r F it!Q tr = 2 150 X 0.566/40 = 30 cm 

According to the condition in Eq. (VI.45), 

«max = 0.75 k t R t€n bh)fQ 

= 0.75 X 2 X 7.5 X 20 X 36.5 2 /8 000 = 37 cm 

From engineering considerations (see Sec. VI.1), 
u < h/2 = 40/2 = 20 cm 

and 15 cm. We take the smaller of these values, that is> 
u = 15 cm. 

Bent-up Bars. Nowadays, bent-up bars are used relati¬ 
vely seldom, and then to strengthen some parts of a beam 
subjected to large shearing forces. The locations for bends 
(the places where some of the longitudinal reinforcement is 
carried from the tension to the compression zone) are chosen 
on the basis of normal- and inclined-section analysis (see 
Fig. VI.16). Bends are provided where Q>Q trc Isee 
Eq. (VI.40)1. 

According to Eq. (VI.32), the condition for shear strength 
with allowance for bends may be written as 

Q < R s tr F b sin a -|- Q lr>e (VI.49) 

Hence, the cross-sectional area of the bent-up bars is 
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Constructional Features to Ensure Bending Moment 
Strength for Inclined Sections. As regards the applied ben¬ 
ding moment, the load-bearing capacity of an inclined 
section (see the right-hand side of (VI.31)) should not be 
less than that of the normal section passing through the 
same point D (see Fig. VI.16). This requirement can be met 
by incorporating approp¬ 
riate engineering features 
(to be discussed below), 
and the analysis of incli¬ 
ned sections for bending 
moment may be omitted. 

If the longitudinal rein¬ 
forcement at a free sup¬ 
port is anchored as advised 
in Sec. 111.3, so that the 
longitudinal steel acts at 
full strength over the span, 
the member will have an 
ample bending strength at 
any inclined section begin¬ 
ning at the support face. 

In practice, beams are 
most often reinforced with¬ 
out bent-up bars. If all of 
the tensile longitudinal 
steel is extended as far as 
the support and properly 
anchored, any inclined sec¬ 
tion will resist the applied 
bending moment well owing 
to the longitudinal reinfor¬ 
cement alone, provided it is designed for the normal sec¬ 
tion carrying at least the same bending moment. In this 
case, too, an analysis of the inclined section for bending 
moment is unnecessary. 

To reduce steel consumption, some longitudinal reinfor¬ 
cement (not more than 50% of the design area) may be cut 
off in the span at a point beyond which it is no longer re¬ 
quired by the normal-section strength analysis. 

These bars should be extended beyond their theoretical 



l-'iK. VI. 19. Location of the cut¬ 
off point in the span 
(a) reinforcement scheme; (6) moment 
diagram; (c) shearing force diagram; 
1-1—theoretical cutoff point for two 
liars 10 mm in diameter; II-I I—actual 
cutoff point for these bars; J—distri¬ 
bution of moments due to load; S— 
distribution of moments resisted by nor- 
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cutoff point found from the bending moment diagram (sec¬ 
tion I-I in Fig. VI. 19) for a length w where the transverse 
steel will make up for the missing longitudinal bars at 
inclined sections (section ///-/// in Fig. VI. 19a) and gua¬ 
rantee the required resistance to bending moments. From 
the above considerations and for proper anchorage of cutoff 
bars, the length w must be taken equal to the greater of the 
two following values 

w = (Q-Q b )l2q lr , w + 5d\ 

or > (VI.51) 

w = 20d J 

Here, Q is the design shearing force at the theoretical cut¬ 
off point (section I-I in Fig. VI.19), corresponding to the 
load for which this point is determined; Q b is the shearing 
force carried by the diagonal bars at the theoretical cutoff 
point, if the member contains bent-up bars in addition to 
transverse steel; q lr , w is the force per unit beam length, 
carried by the transverse bars, as found from the bending 
moment at an inclined section (section ///-/// in Fig. VI.19a); 
and d is the diameter of the cutoff bar. 

The values of Q b and q tr , w are determined from the fol¬ 
lowing expressions 

Qb = R s Fb sin <x (VI.52) 

qtr. W = ft s F lr /u (VI.53) 

If there are no bent-up bars in the zone where the longi¬ 
tudinal steel is cut off, Q b = 0 in the first line of 
Eqs. (VI.51). 

Figure VI. 19 illustrates how the location of cutoff points 
in the span is found. To begin with, we lay off on the mo¬ 
ment diagram the ordinate of the moment resisted by the 
normal section of the reinforced concrete member contai¬ 
ning the steel which is extended intact as far as the support 
(in Fig. VI. 19, F s , up is for two bars 20 mm in diameter, 
M fup = M 2 czo)- This ordinate is given by 

M suv = lt s F^z c (VI.54) 

The intersections between the ordinate M, U p and the 
design moment curve locate the theoretical cutoff points, 
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/-/. The actual cutoff points, //-//, must lie within the 
distance w of the theoretical cutoff points. The ordinate Q 
which is used in Eq. (VI. 51) to determine w is marked on 
the shearing force diagram. 

VI.5. Incipient-Cracking Resistance 
of Prestressed Members 

In normal-section analysis, the limit state attained by 
a bending prestressed member is taken to be the final state 
of stress during Stage I (see Fig. VI. 10c). Figure VI. 206 
shows the force and stress scheme for the incipient-cracking 
analysis of a rectangular member. In this scheme, the curves 
representing the distribution of stress in the concrete are 
approximated for simplicity by a rectangle in the tension 
zone, and a triangle in the compression zone (for a e < 
^ 0.7/tp r ii). 

Immediately before cracking, the stress in the concrete 
is assumed to be equal to R , en n which is the design tensile 
strength of concrete adopted in the design in terms of the 
second group of limit states (see Appendix IV). 

The member is subjected to the bending moment M indu¬ 
ced by the design loads multiplied by the overload factor 
which is chosen to be n > 1 or n — 1 , according to the 
category of crack resistance requirements the structure is 





expeclcd lo nicol (see See. 111.1), and llie resultant of the 
preslressing forces N „ applied to the member by the prcslros- 
sed steel of area F pr and F' pr . In calculations, the prestressing 
force N 0 is multiplied by the tensioning accuracy factor 
m ae (see Sec. 111.2). 

Over the depth of the member, the strain is assumed to 
be varying linearly (Fig. VI.20c), so 

e c = ®c. tenZ/(h — x) 

e P r = e c . ,,„(/*-*-«)/(*-*) l (VI.55) 
epr = «c.j.n (x-a’)l(h-x) ] 

Present evidence shows that when the stress in concrete 
reaches a maximum, its modulus of elasticity is about half 
the initial tangent modulus of elasticity, E c . Therefore, 
the marginal strain in the tensile concrete may be written as 
£c. ten = i?„„n/0.5£ c = 2 R, en iilE e (VI.56) 

In view of the foregoing, the marginal stresses in the 
concrete and the steel, induced by the moment M and the 
prestressing force N 0 before the advent of cracks, are given 
by 

u c = E c z c = 2R ten u xl(h — *) (VI.57) 
Opr = E s Ep r = E s t Ct len (h —x — a)l(h — x) 

= 2nIt, cnU (h - x - a)l(h - x) (VI.58) 

o'pr = Est'pr = E s e Ct it n xl(h — x — a') 

= 2nR icnU (x - a')l(h - x) (VI.59) 

where n = EJE C . 

The stresses in the steel of area F pr and F' pr are added 
to the prestresses a 0 and a'. 

The forces developed in the steel and concrete by the 
moment M and the prestressing force N 0 may be found 
as follows: 

W„r = FprOpr 

N p r = F p r O pr 

N c —-0.5o c xb 

tfc. ten = X) bRignll 
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The depth of the compression zone is found from the 
equilibrium of the sum of the projections of all normal 
forces acting in the member on its longitudinal axis 

N 0 + Np r - N pr + N Ct len -N c = 0 (VI.61) 
Hence, on re-arranging 

x = [bh l -j- 2nFpr (h — a) + 2nF' p ,a' + N 0 h/R ln , nl/l 2bh 
+ 2n (F pr + F' pr ) + N 0 IRttn nl (VI-62) 

No cracking will occur in a member, if the bending 
moment M due to external loads does not exceed the moment 
due to the internal forces at the normal section which is 
on the verge of cracking. With the fulcrum taken for simpli¬ 
city on the direction of the force N 0 , this condition may be 
written as 

M ^ N pr e + N' pt e' + N c (h — e + a — x/3) 

+ N Ci len le + a - 0.5 (h - *)] (VI.63) 

For members of a more complex shape (such as T- or 
I-section, Fig. VI.21), incipient-cracking analysis may be 
done approximately using the kern moment method. 
According to this technique, the condition for cracking 
resistance is 

M )xt < M cr (VL64) 

where A/* v| is the bending moment induced by external 
forces on one side of the section and taken about the axis 
which is normal to the plane of flexure and passes through 
the kern point the most distant from the tension zone (point 
C in Fig. VI.21), and M cr is the moment induced by internal 
forces immediately before cracking and taken about the 
same axis. 

The distance from the kern point to the centroid of the 
transformed section is 

r h = 0.8W 0 IF lr (VI.65) 

(for nonpreslressed bending members, 0.8 in the above equa¬ 
tion is replaced by unity). 

The cracking moment is given by 

Mcr = Rt n nW e r±M« pr (VI.66) 

where A/* r is the moment due to the prestressing force 
N 0 (witli allowance for all losses), taken about the same 
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kern poinl, W u is the elastic moment of resistance of the 
tension zone in the transformed section, W cr is the moment 


of resistance of the tension 
zone in the transformed sec¬ 
tion as adjusted for the inelas¬ 
tic deformation in the concrete 
of the tension zone (the rec¬ 
tangular stress diagram in 
Fig. VI.206). Without consi¬ 
derably affecting the value of 
M cr , the value of W er may 
approximately be taken as 

W er « yW 9 (VI.67) 

Here, y = 1.75 for rectangu¬ 
lar sections and T-sections with 
their flanges in the compres¬ 
sion zone; for I-sections (see 
Fig. VI.21) it should be look¬ 
ed up in Table VI.2. 



Fig. VI.2i. To cracking-resis- 
lancc analysis by (he kern 
moment method 
1—compression zone; 2—tension zo- 


Tablc YI.2. Coefficient y for Nonsymmctric 
I-sections (sec Fig. VI.21) 


Section characteristic | 


b}/b 

bf/b 

V h 

v 


not over 2 

Any 

1.75 


2 to 6 

Any 

1.5 


over 6 

over 0.1 

1.5 

3 to 8 

not over 4 

Any 

1.5 


over 4 

equal to or over 0.2 

1.5 


over 4 

under 0.2 

1.25 

over 8 

Aiiv 

over 0.3 

1.5 


Any 

not over 0.3 

1.25 



112 _ Ch. 6. Reinforced Concrete Members in Bending _ 

When the stress in the concrete of the compression zone, 
o c , is such that the maximum marginal ordinates on the 
stress diagram exceed R pr iu it is necessary to allow for 
the inelastic strain of the concrete. In this case, the triang¬ 
ular stress diagram must be replaced by a trapezoidal one. 
This, however, happens seldom and calls for no special dis¬ 
cussion. 

Example VI.6. Given: A solid-section slab subjected to 
bending. Cross-sectional dimensions: b = 100 cm, h = 12 cm, 
a = 2.2 cm. Concrete: M-400 heavy concrete. Reinforce¬ 
ment: five class K-7 strands made of wire 3 mm in dia¬ 
meter (see Appendix VIII). F pr = 2.545 cm 2 , F' pr = 0. 
Prestressing force is N 0 — 21 if (210 kN) with allowance 
for all losses; M =1.8 tf m (18 kN m). 

To find: The cracking resistance of the slab. 

Solution. From Appendices III, V, VII, wc find 

Rtenii = 18 kgf cm" 2 (1.8 MPa) 

R vrn = 225 kgf cm' 2 (22.5 MPa) 

E c = 33 X 10 4 kgf cm- 2 (33 X 10 3 MPa) 

E t = 18 x 10 6 kgf cm- 2 (18 x 10 4 MPa) 
n = E,/E c = 18 X 10 6 /(33 X 10 4 ) = 5.45 
Equation (VI.62) gives 

x = [100 X 12 2 + 2 X 5.45 x 2.545 (12 - 2.2) 

+ (21 000/18) x 121/(2 x 100 x 12 
+ 2 x 5.45 X 2.545 + 21 000/18) = 8 cm 

According to Eq. (VI.57), the maximum compressive 
stress in the concrete is 

a e = 2R lcn uxl(h — x) = 2 X 18 X 8/(12 — 8) 

= 72 kgf cm- 2 (7.2 MPa) < 0.7 R pr „ = 0.7 x 225 

= 157 kgf cm- 2 (15.7 MPa) 



Equation (VI.GO) gives the i'orces in the concrete 
N c = 0.5 o^b = 0.5 X 72 X 8 X 100 = 28 800 kgf (288 kN) 
N c , ,en = (h - X) bR len ii = (12 - 8) X 100 X 18 
= 7 200 kgf (72JkN) 

Now we check to see if the cracking resistance of the mem- 
ber^meets the condition in Eq. (VI.63), bearing in mind 
that e = 0 and N' pr = 0: 

M^N e (h-a-x/S) + N e , len la - 0.5 (h - z)| 

On substituting the numerical values, we get 
180 000 kgf cm (18 kN cm) < 28 800 (12 - 2.2 - 8/3) 

+ 7 200 [2.2 - 0.5 (12 - 8)1 = 206 900 kgf cm (20.69 kN cm) 

As is seen, the slab has an adequate cracking resistance. 

In bending members subjected to M and Q , inclined 
cracks may occur at the centroid level or, in T-section 


Table VI.3. Coefficients in l and m 2 


Cniinrcle (heavy) 

mi 

m, 


0.5 

2 

M-500 

0.375 

1.0 

M-600 

0.25 

1.33 

M-700 

0.125 

1.14 


members, near the joint between the rib aim 
sive flange. Inclined cracks owe their origin 
cipal tensile and compressive stresses 


aim wo 


to the prin- 


= ( a , + o ,)/2 ± + (VUi8) 


where o s and a„ are the normal stresses along and across 
the member, respectively; t*„ is the tangential stress in¬ 
duced by external loads and the preslressing force. 
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No inclined cracking will occur, if the following con¬ 
ditions arc satisfied 



Gprill. < 

II 1 

(VI.09) 


G prin 

, Jen^^lenll / 

Oprin. < 

, om > m,/? 

prll 1 

(VI.70) 

a prin. i 

!en^ m 2^/, 

enll (1 Oprin. com/^/irll) J 


where m, and m, are taken from Table VI.3. 


VI.6. Sag Analysis 

Determination of Sag. In the general case, the equation 
for the sag of a bending member may be written as 

y (x) = ( f M (x) (i/p) (x) dx 2 -|- C t x -! C\ (VI-71) 

where M (x) is the equation for bending moments and 
(1/p) (x) is the term defining the curvature of the deflected 
axis of the member in bending. 

In reinforced concrete members, the curvature of the 
deflected axis is a function of not only the axial variable x, 
but also of the stress-strain state of the member. For mem¬ 
bers with the bending moment curve entirely positive or 
entirely negative, the sag may be found, using equations 
usually given in a course in the strength of materials, recal¬ 
ling that 

(/ = (1/j 9) j j M(x)d^i-C,xt C, (VI.72) 

Here, the rigidity El, that remains constant during loading, 
has been replaced by the flexural rigidity B which varies 
according to a given stress-strain state. 

Curvature of the Deflected Axis in Members Without 
Normal Cracks in the Tension Zone. The curvature of the 
deflected axis in bending members free from normal cracks 
in the tension zone is determined for prestressed members 
which are to meet the cracking resistance requirements 
of the first and second cntncrnriea 



VI.6. Sag Analysis 


Jl5 

The curvalure ol' the deflected axis, 1/p, is defined as 
1/p = l/p 4 + 1/p, - l/p„ - l/p creap (VI.73) 

Here, l/p s and 1/p, are the curvatures of the deflected axis 
due to (1) design short-time live loads and (2) dead plus 
long-time live loads given by 

1/Pi = Mc/0.85E e J tr (VI.74) 

where M is the bending moment due to the respective loads, 
and c is the factor accounting for the increase in curvature 
due to sustained creep in the concrete, taken as unity for 
short-lime live loads and as 2 for dead and long-time live 
loads (at a relative humidity of over 40%). The factor 0.85 
accounts for the increase in curvalure due to short-time 
creep in the concrete. 

The curvature of the deflected axis, l/p,„ caused by the 
short-time action of the prestressing force N 0 , is 

l/p„ = iV 0 e 0 /0.85E 0 J lr (VI.75) 

The curvature due to shrinkage and creep in the prostressed 
concrete is 


= (1/£A>) (<*!„. ~ Cl,,,,) (VI.7U) 

where <J, oss and a^ oas are the stresses numerically equal to 
the sum of the losses in the prestress caused by shrinkage and 
creep in the concrete, that is, a 0 + a 6 -|- <j 0 (see Sec. III.2), 
calculated at the centroid of the tensile longitudinal steel 
and at the compressive face of the concrete, respectively. 

If normal cracks in the tension zone remain closed under 
load the curvatures l/p 4 , 1/p,,, and 1/p, are increased by 
20 %. 

Curvature of the Deflected Axis in Members Having 
Normal Cracks in the Tension Zone. The curvalure of the 
deflected axis in bending members having normal cracks 
in the tension zone is determined for nonpreslressed members 
and prestressed members which are to meet the cracking 
resistance requirements of the third category. The stress- 
strain state of such members is illustrated in Fig. VI.22. 
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tensile steel and the compressive face of the concrete may 
be written as 

„ - if,,, - - i|vl UF.J’.z, (Vf-77) 

- <iw->iw vk« » y.MiviiS,h ( vl - ,8) 

where «, is tile ratio of the overage strain in the Steel to 
the maximum strength at a crack, characterizingthe he 
liaviotir of the tensile concrete between cracks; 'In accoun 
for variations in the Jistribitlion of strain at the compres 
sive face of the concrete between cracks (for heavy concrete. 

= 0.9); v characterises tltc clasto-plastic stale ol tne 
coitercle in the compressive zone (for short-time live . . 

v - 0.45, and for long-time live loads, v - u.lo). 

The curvature of the deflected axis of the member shown 
in Fig. VI.23 can be deduced from the similarity of the 
triangles OAH and CDE: 


Taking into consideration the prcslress and recalling 
Eqs. (VI 77) and (V1.78), we may ro-wrile the above expros- 
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l/(> = (A/ cq/huZy) 111 + Vfr' + i) bhvE e \ 
-N 0 ^Jh 0 E s F, (VI .80) 

Here, M oq is the equivalent moment induced by all external 
forces (including the prestres¬ 
sing force N 0 ) on one side of 
the section, and taken about 
the axis which is normal to 
the plane of flexure and pas¬ 
ses through the centroid of the 
tensile steel. The arm of the in¬ 
ternal couple 2 , at the cracked 
section is given by 
s, = K U - (y'h//h 0 

-I- W (y' -I- |)| (VI.81) 
y' - l(ft; - ft) ft.; 

•I- /'>'2v|/ftft„ (VI.82) 

According to a relevant 
standard, the relative depth 
of the compression zone at a section containing a normal 
crack is found by an empirical formula 

I - x/h u -- 1/(1.8 -!- [1+ 5 {L + T))li0 pit) (VI.83) 
where 

L — A'I e q/bllll{prll \ 

T — v' (1 — hfl2h 0 ) ] 

I*or heavy concrete structures, 

V* - 1.25 - sin - (1 - m 2 )/((3.5 - 1.8 m) e, 

< 1 

Here, for bending members 

m - Ii, en n W cr !(M* x - M h pr ) < 1 
where M‘‘ x = m (f or bending moments); 

A/£ p A'„ (c 0i ,, r -|- r h ) 
where e 0 if)r is as explained in Fig. VI.21. 


,av)‘cr /? 


Kill. VI.23. Strain <>t a bending 
member after the advent of 
cracking 


(VI. 84) 


,/ftol 

(VI.85) 


(VI.8b) 


(VI.87) 
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The eccentricity e,_ „„ of the prestressing force N„ about tho 
centroid of the tensile steel and the ratio e s _ aB /h 0 are given by 


e t , nc = Mtq/No 
e,. nr lh 0 = M en /N 0 h 0 ^i.2/s 


(VI.88) 


In Eqs. (VI.85) and (VI.88), s = i.i and 1 for short-time 
live loads in the case of deformed bars and wire respectively, 
and s = 0.8 for long-time live loads irrespective of the 
type of reinforcement. ^ 

Equation (VI.80) yields the flexural rigidity of a bending 
membor 

R = h,z,E,FM', (1 - -J’,.,,) + 'IV., ,1 


where 

c = E,F,/(y’ + l) bh 0 E r y (VI.89fl) 

Limit of sag. The sag of reinforced concrete members is 
found by taking loads multiplied by the overload factor 
» — i. It should not exceed the limit established by rele¬ 
vant standards. The limit of sag for basic structures is as 
follows: 

Structure Limit of sag 


Fiat-slab floors with spans: 
loss than 0 m 
0 to 7-. r > m 

Boam-and-slnb floors and stairs with 
spans: 

less than 5 in 
5 to 10 m 
over 10 m 


f/200 
3 cm 
//300 

11200 
”1/400 


VI.7. Crack-Opening Analysis 

The width of normal cracks, a er (mm), is found from 
Eq. (V.13) where k = 1 and <J,. the stress in the outer 
row of tensile reinforcement (or the increment in stress in 
the same reinforcement due to external loads, when pres¬ 
tressed members are considered), is 

a, = [M — A r , (z, — e t% pr )| !F k t x 


(VI.90) 
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*',!? „* ivon b >’ B ‘I- (VI.78) and e, „ is explained 
in Fig. VI.21. 

The value of a s should nol exceed /?, n for bars and 
0.8 /?, n for reinforcing wire. 

Within portions subjected to both M and Q, the width 
of inclined cracks, a cr (mm) (for members reinforced with 
transverse steel) should be calculated as 

a er = c d k (h„ -|- 30 dmnx) r\tV\i lr El (VI.91) 
where c d and r| are the same as in Eq. (V.13), d max is the 
maximum diameter of stirrups and bent-up bars in mm, 
k = (20 - 1 200 p, r ) x 10 3 > 8 x 10 3 (VI.92) 
Hir ~ -I- Pa = F„/bu + F b lbu h (VI.93) 

t =- QlbK - 0.25 N t IF (VI.94) 

In Eq. (VI.(M), Q is the maximum shearing force within 
a given portion having a constant amount of transverse 
steel. This analysis should be carried out for sections within 
at least a distance h 0 of the support. 
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REINFORCED CONCRETE MEMBERS 
IN ECCENTRICAL COMPRESSION AND TENSION 


VII.1. Constructional Features of Members 
in Eccentrical Compression 


Members subjected to the simultaneous action of a longitud¬ 
inal compressive force N and a bending moment M arc 
said to be in eccentrical compression. Eccentrical compres¬ 
sion is induced in the columns of one-storey industrial 
buildings subjected to crane loads (Fig. VII.la), the top 
cords of trusses without diagonal web members (Fig. VII.16), 
and the walls of underground tanks rectangular in plan, 
which carry the lateral pressure of earth and liquids and 
the vertical pressure of the roof (Fig. VI 1.1c). 

The distance between the point of application of a direct 
load to a member and its longitudinal axis is termed the 
eccentricity, e*. In the general case, the eccentricity at any 
point of a member of statically determinate structures is 
given by 

e 0 = MIN -h e» (VII.l) 


where ej is the accidental eccentricity (see Sec. IV.1). 

For the members of statically indeterminate structures, 
it is found by assuming the structures to be statically deter¬ 
minate, but it should be not less than e£. 

It is advisable to proportion eccentrically loaded members 
so that their larger dimensions lie in the plane of the applied 
bending'momcnt. They may’be rectangular, /- or T-shaped 
inTcross^section. 

Members in eccentrical compression are reinforced with 
longitudinal load-bearing bars (installed along the short 
sides of the cross section), for which the cross-sectional area 
is found by design calculations, and with transverse bars 
(or stirrups) installed from engineering considerations accor¬ 
ding to relevant specifications. The longitudinal and trans- 


Soiuotimos, ihis is called the arm.--Translator’s note. 
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Kin. VII. 1. Memhers in cecenlrical <oiii|in;ssioii 

(n) column of imluslria 1 liuililing; lb) tup chord ol truss withoul iliucouals; 
(c) wall of hurled tank 


verse steel is combined into bar mats of reinforcing cages 
which may be either welded or (though seldom) tied. 

The optimal steel area at cither side of the cross section 
ranges between 0.5% and 1.2% of the cross-sectional area 
of the member. 

According to appropriate standards, the minimum steel 
area at cither side of the cross section for members in compres¬ 
sion should be as follows: 

0.05 tor l 0 /r g under 17 
0.1 for I 0 lr g ranging between 17 and 35 
0.2 for loir g ranging between 30 and 83 
0.25 for l„lr g over 83 

Here ljr g is the slenderness ratio of a member, r e is the 
radius of gyration of the cross section in the plane of the 
longitudinal force eccentricity, and l u is the effective height 
of the compression member. 

Members in eccentrical compression should be reinforced 
in compliance with general requirements for reinforced con¬ 
crete structures (see Sec. Ill.3) and also the requirements 
for reinforced concrete structures subjected to axial com- 
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Fig. VII.2. Reinforcement or members in eccentrical compression 
(«) wrldrd-bar mats: (6) separate bars and stirrups 

pression (see Sec. IV.l) or bending members (see See. VI. 1), 
depending on the amount of eccentricity. 

The placement of reinforcement in eccentrically loaded 
members is shown in Fig. VII.2. The amount of load-bear¬ 
ing reinforcement at one side of the cross section may differ 
from that at the olher, in which case w® speak of nonsym- 
metric reinforcement. However, symmetric reinforcement 
is preferable, provided that it docs not involve a prohibitive 
increase in (he amount of steel used. 

Welded reinforcing cages are assembled from flat bar 
mats. Tied reinforcing cages are made of separate longitud¬ 
inal bars and closed stirrups. 

If bending moments are too high and might cause a certain 
part of the cross section to work in tension, as may be the 
case with eccentrically loaded members subjected to forces 
which are applied with a considerable amount of eccentr¬ 
icity, or very slender members, resort is made to prestressing. 
It improves the cracking resistance and rigidity in service 
in the former case and the same characteristics during 
manufacture, transit and erection in the latter. 
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VII.2. Design of Members 
in Eccentrical Compression 

Design Cases. According to the stale of stress and the manner 
of failure, two cases of eccentrical compression may be con¬ 
sidered. 

Case 1. This applies to eccentrically loaded members to 
which a longitudinal force is applied with a relatively large 
amount of eccentricity. The stress-strain state (as well as 
the failure) of the member is close 
in nature to that of members in 
bending (Fig. VII.3 and VII.4a). 

The part of the section most dis¬ 
tant from the point at which the 
force is applied is in tension .and 
contains cracks normal to the lon¬ 
gitudinal axis of the member. The 
tensile force in this zone is carried 
by the reinforcing steel. The part of 
the section closer to the compres¬ 
sive force is in 'compression toge¬ 
ther with the steel. The member 
begins to fail as soon as the 
stress in the tensile steel 'reaches 
the yield point (or the proof yield 
stress). The failure is complete when 
the stresses in the concrete and the 
steel of the compression zone reach 
their ultimate strengths, whereas 
the stress in the tensile steel re¬ 
mains constant, if the latter has 
a definite yield point, or rises, if 
it has no definite yield point. The failure is gradual. 

Case 2. This refers to eccentrically loaded members to 
which a compressive force is applied with a relatively small 
amount of eccentricity. This case covers two types of stress- 
strain behaviour. In one, all of the cross-section is in com¬ 
pression (the dashed curve, 7, in Fig. VH/ift); in the other, 
most of the section closer to the longitudinal force is in 
compression and the opposite part is exposed to a relatively 
weak tension (curve 2 in Fig. VII.46). The member fails 



Fig. VI 1.3. Heinforced 
concrete specimen in ec¬ 
centrical compression (the 
compressive force is app¬ 
lied with a large eccent¬ 
ricity) 

J—tension zone; 2—comp¬ 
ression zone 



Kijr- VI 1.4. Load inn systems lor members in eccentric 
l») Case /: (l>) Case i'; 1 —wometrical axis of momlior in dcaiifii 
2 —neutral axis; .•(—centroid of concrete in coni|iression zone 
ilistant from compressive force; F t —sleel closer to compressive force 


il collipressio" 

loadin'-’ system; 
F — steel more 


as I lie stress in il exceeds llte ullimalc strength of I He con¬ 
crete and sleel in llte pari of the section closer lo llte applied 
force. As litis takes place, the slrcss (compressive or tensile) 
in llte distant part of the section remains low, and the mate¬ 
rial does not act at its full strength. 

Members of Arbitrary Symmetric Cross Section. Figure 
VII.4 shows the loading diagrams for the strength analysis 
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of. members having an arbitrary cross section with an eccen¬ 
tricity in the piano of symmetry. 

For members falling in Case 1, the design strength of the 
concrete in the compression zone is taken to be constant 
and equal to R ]lr , and that in the tensile and compressive 
steel is taken equal to R s and R Si com , respectively. For 
members falling in Case 2, the actual compressive stress 
curve shown dashed in Fig. VI 1.46 is replaced by a rectan¬ 
gular shape with the ordinate equal to R pr and the design 
strength of the compressive steel, F' s , is taken to be R, t eom . 
The stress <j s in the steel, F s , is below the design value. 

The loading diagram in Fig. VII.4a is valid when | = 
— x/h 0 ^ £ R and that in Fig. VII.46, when | = xlh a > 
where £ R is the limiting relative depth of the compression 
zone, defined by Eq. (VI.5). 

When £ = x/h 0 ^ £ R (see Fig. 4a), the neutral axis is 
located by equating the design longitudinal force due to 
the external design loads N, to the sum of the projections 
of all internal design forces in the steel and the concrete in 
compression on the longitudinal axis of the member 

N - R vr Fc + /?,, cornel- R a F, (VII.2) 

The load-bearing capacity of a member is said to be ade¬ 
quate if the bending moment M = Ne due to the external 
design loads does not exceed the sum of the moments caused 
by the above internal forces and taken about an axis which 
is normal to the plane of the bending moment and passes 
through the point where the tensile resultant is applied 
to the steel of area F 5 

Ne < R, lr F c z c + R s , com F; Zi (VI 1.3) 

where 

z, = K - a' (VII.4) 

In Fig. VI 1.4a, e and e' are the distances between the 
longitudinal force N and the centroids of the tensile steel F, 
and the compressive steel F' s , respectively. 

When £ = x/h 0 >■ £ R (Fig. VII.46), the strength of 
members in eccentrical compression is calculated by Eq. 
(VI 1.3), and Die depth of the compression zone is found from 
N - R Vr F c -|- R s , com F's - a s F, (VI 1.3) 
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Here, Ihe stress in the less stressed reinforcing steel, o, 
is specified according to the materials used. As an example] 
for members made of M-40U (or lower-brand) concrete and 
class A-I, A-II, or A-II1 nonpreslressed steel, the value 
of o s is given by 

a, = [2 (1 - xih 0 )l(l - | R ) - 1] R, (VI1.6) 

in which, as experiments have shown, the stress in the steel 
may be assumed to be linearly related to | in the range from 
tj = xlh 0 = 1 to £ = £ r . For members made of M-400 
(and higher brand) concrete and higher than class A-I 11 
reinforcement, o, is found from the empirical expression 

a, = 4 000 (£„/£ - 1) /(l - £ o M0 (VII.7) 

where £„ is given by Eq. (VI.G). 

The value of a t given by Eqs. (VII.O) and (VII.7) is taken 
with the sign obtained; it ranges between R s and — R 3 , com. 
both multiplied by an appropriate service factor, except rn si 
[see Eq. (VI.4)]. 

For high-strength reinforcing steel with no definite yield, 
Eq. (VII.7) holds up to a, 0.8 R s . So, if as calculated 
by Eq. (VI 1.7) exceeds O.SR s , the value of a, is found by 
linear interpolation between 0.8/f, and R„ according to 
the following equation 

o, = [0.8 H- 0.2 (£ e | - !)/(! e , - 5 *)] It, (VI1.8) 

Here, is calculated by Eq. (VI.5) for a, — 0.8/f s . If 
<r s > R„ then R, is multiplied by m 44 given by Eq. (VI.4). 
For members with i 0 /r>35, one neglects rn si 

A bending moment causes a slender member to buckle, 
thereby increasing the initial eccentricity e 0 of the longitud¬ 
inal force N (Fig. VI1.5). As a consequence, the bending 
moment increases, too, and the member fails at a lower 
longitudinal force than does a short (stub) column. 

If the slenderness ratio is l 0 lr > 14, slender members 
subjected to eccentrical compression may be designed by 
the above expressions, but with allowance for the increased 
eccentricity which is obtained by multiplying the initial 
eccentricity e 0 by q > 1. The latter is found from 

q = 1/(1 — N/N er ) (VI 1.9) 
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where 

jV cr = (G. 4/£eftj) X 

x {7(0.11 HOA + t/kf,) + 0.11/A, + (VII.10) 


The above equation lakes into account the special proper¬ 
ties of reinforced concrete, namely the presence of reinforcing 
steel in the cross section, inelastic properties of concrete in 


compression, cracks in the tension 
zone, and the effect of long-time 
loading on the rigidity of a mem¬ 
ber in the limit state. 

In Eq. (VII.10), l 0 is the effective 
length of the member, J is the mo¬ 
ment of inertia of the concrete 
section, J,, , r is the transformed 
moment of inertia of the steel abo¬ 
ut the centroid of the concrete sec¬ 
tion, k, is the coefficient allowing 
for the effect that long-time loading 
has on the buckling of the member 
in the limit state, and k pr accounts 
for the effect of the prestress in 
the steel on the rigidity of t the 
member in a limit state (the steel is 
assumed to be uniformly prestres¬ 
sed). The values of k t and k pr are 
found from the following empirical 
relations 

k, = 1 + Mi/M, (VI1.11) 



kp r — 1 -1- A()a etVr e 0 IRp rn h Fig. VII.5. Ecocnlriciiy 
(VII 12) < * uc *° k Uf Id> n S 


In Eq. (VII. 11), Af, and M[ are the moments taken about 
the most tensioned or least tensioned side of the cross sec¬ 
tion (the latter situation applies to when the cross section 
is entirely in compression). They are due to the combination 
of all loads and the dead and long-time live loads, respec¬ 
tively. 

In Eq. (VI1.12). a r ,,, is the prestress in the concrete found 
wilh allowance for tl! losses. 
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In Eq. (VI1.10), l is taken as 

t = e 0 lli (VII.13) 

bul nol smaller than that calculated from the empirical 
formula 

f min = 0.5 - 0.01 l a !h - 0.001 R pr (VI1.14) 
where R pr is in kgf cm -2 . 

For IJr < 14, q is taken equal to unity. If N turns out 
to exceed N cr , the cross-sectional dimensions should be 
increased. 

i The transverse reinforcement in members subjected to 
eccentrical compression is designed to resist shearing forces, 
using formulas for members in bending (see Sec. VI.4). 

Rectangular Members. For the rectangular section in 
Fig. VII.G, 

F e = bx 

N e = R pr bx (VII.15) 

z c = h 0 — xl2 

Taking into consideration the above expressions, we may 
re-write Eq. (VII.3) for the load-bearing capacity as follows 
Ne < R vr bx (h 0 - 0.5.r) -|- R s , com I‘" s ( li 0 - a') (VII.K5) 

The depth of the compression zone is given by any one of 
the following equations 

(a) for £ = x/h 0 < 

N = R,, r bx -|- R,_ com I‘' s - R S F S (VI 1.17) 

(b) for 1 — x/h 0 > 

N = R pr bx -|- 7? s , com F‘ s - a s F s (VI 1.18) 

where <r, is determined from Eq. (VII.G) or (VII.7), depend¬ 
ing on the materials used. 

Load-bearing capacity check. In checking a member for 
load-bearing capacity when its characteristics are known, 
inc depth of the compression zone is found from Eq. (VII.17) 
on the assumption that \ = xlh 0 < 

x = (N - R s com F' s + R t F a )IR pr b (VII.19) 
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Then is found from Eq. (VI.5). After that, the condi¬ 
tion x ^ % R /i 0 is checked; if it is met, the member is checked 


for load-bearing capacity by 
Eq. (VII.1U) for the found 
value of x. If the condition 
J; = x/li 0 ^£ n is not satisfied, 
x should be determined from 
Eq. (VII.18) for | = x/h 0 >£„ 
When x > g R h 0 and use is 
made of concrete with a brand 
number of not higher than 
M-400 and class A-I, A-II, 
or A-I 11 reinforcement, o s as 
found by Eq. (VII.G) should be 
substituted into Eq. (VI 1.18), 
whence 

x = (N -! C — R,F, 

- /?*. comK)l{lt V rl> + Cll> 0 ) 



(VII.20) 

where 

C = 2R s FJ(l - g*) (VII.21) 

The value of x as found from 
the above expression should be 
substituted into Eq. (VII. 16) 
so as to check the member for 
load-bearing capacity. 

If x> i R h 0 and use is made 
of a concrete stronger than 
M-400 and class A-IV and 
higher reinforcing steel, cr s as 
found by Eq. (VII.7) should be 
substituted into Eq. (VII.18), 


2 



Fig. VII.6. To the design of rec¬ 
tangular members in eccentrical 
compression 

geometrical axis of member; 2— 
neutral axis; a—centroid of conc¬ 
rete in compression zone. 


whence the following quadratic equation results: 


|* - (N - R s , com F' t - DF t ) %IR pr bh 0 


- DF s l 0 /R pr bko = 0 (VI 1.22) 

where 


D = 4 000/(1 - g 0 h 0 lh) (VII.23) 


9-014 



130 Ch. 7. RC Members In Eccentrical Compression and Tension 


On finding £ from Eq. (VI1.22), we can calculate x = | h 0 , 
which is finally used in Eq. (VII.16) to check the member 
for load-bearing capacity. 

Steel area calculation. To calculate the necessary steel 
area F, and F\ when N, l 0 , b, and h are assumed to be known 
and the condition 

I = xlh 0 < 

is satisfied, the design equation must be transformed as 
follows. 

It is obvious that the steel of area F\ will be required 
from design considerations only if the relative depth of the 
compression zone as calculated with only the tensile steel 
of area F, present exceeds the limiting value of i«. Using 
this depth of the compression zone and the respective value 
of A r from Table VI.1, we obtain on the basis of Eqs. 
(VII.16) and (VII.17) 

P‘„ = {Ne — A * R pr bhl)/R a , eon z, (VII.24) 

F t = (l nR P rbh 0 - N)IR, + F’.R., eo JR a (VII.25) 

The steel area F', should be not less than the minimum 
value given in Sec. VII.1. When F' t is specified in advance 
(from constructional or design considerations), Eq. (VII.16) 
yields 

* ( h 0 — 0.5x) = [Ne — R, t com F' s (h 0 — a')]/R pr b 

All terms on the right-hand side of the above equation are 
known. On tho other hand, recalling Eq. (VI.15), we find 
that 

A 0 = I (1 — 5/2) where 5 = xlh 0 (VII.26) 
is known, so 

A 0 = lNe - R, , com F\ (A 0 - a')]l(R pr bkl) (VII.27) 

Once A 0 is known, we can look up the value of | in Ta¬ 
ble VI.1. Thus, knowing x = £&„, we can deduce the neces¬ 
sary steel area from Eq. (VII.17) as 

Ft = (IRpMo ~ N)IR, + P'tR,. comIRt (VII.28) 

In practice, members, especially those subjected to bend¬ 
ing moments differing in sign but close in value, are often 
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reinforced symmetrically. If F, = F\ and R,, eom = R„ 
that is, R tt coma's — wc may use Eq. (VII.17) to get 

x = N/R pr b (VI 1.29) 

Then, using this value of x, we get from Eq. (VII.16) 

F, = p s =Nle-h 0 + NI(2R pr b))/R St eom ( h 0 - o') (VI1.30) 

To sum up, the steel area for rectangular members with 
asymmetrical reinforcement should be calculated in the fol¬ 
lowing sequence. 

(1) Write down the design values of R pr , R„ R,, eom , 
E„ and E c , and calculate h 0 , z„ e 0 = MIN, e 0 lh, IJh, 
and n. 

(2) Assume a trial reinforcement ratio 

p = (F. + P',)lbh Q 

anywhere between 0.005 and 0.03 and determine t, k t , 
and N cr from Eqs. (VII.11) through (VII. 14). 

If N er < N, the cross-sectional area of the member should 
be increased. 

(3) Find the value of t| from Eq. (VI1.9) and the distance 
from the force N to the steel of area F, 

e = e 0 r\ + hl2 — a (VI 1.31) 

where e 0 is given by Eq. (VII.1). 

(4) Assuming the expected value of F,IF'„ find the depth 
of the compression zone, x, from Eq. (VII.19), then £ = 
= x/h 0 . Calculate F t and F', by Eqs. (VII.24) through 
(VII.28), but take them as not less than the minimum values 
specified in Sec. VI1.1. 

(5) Using the steel areas thus found, calculate the rein¬ 
forcement ratio p. If it differs from the initial value by not 
more than 0.005, the problem may be taken as solved. 
Otherwise, go through the above steps again, assuming an 
improved trial reinforcement ratio. 

If the design calculations yield p > 0.03, the cross- 
sectional dimensions b and h should be changed, or use 
should be made of other types of concrete and reinforcing 
steel. 

(6) Check the member for strength with allowance for 
the effect of buckling in a plane normal to the plane of flex- 
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ure, treating it as a member subjected to compression with 
accidental eccentricities. 

(7) If necessary, check the member for load-bearing 
capacity, using Eqs. (VII.19) through (VI 1.26) and the 
condition defined in Eq. (VI1.16). 

The necessary steel aroa is found for £ = x/h 0 > by 
successive approximations. 


VII.3. Members in Eccentrical Tension 

Members subjected to eccentrical tension are the walls of 
rectangular tanks (bins) resisting the internal pressure of 
the contents (Fig. VII.7a), the bottom chords of trusses 



Fig. VII.7. Mombers in eccentrical tension 

(a) wall of tank (bin); (6) bottom chord of truss without diagonals 



without diagonals (Fig. VII.7b), and the like. Such members 
are subjected to both a longitudinal tensile force N and 
a bending moment M, which is equivalent to the eccentrical 
tension that would be induced by the force N if it were ap¬ 
plied with an eccentricity e 0 = MIN about the longitudinal 
axis of the member. 

Depending on the value of e„, two cases may bo distinguish¬ 
ed (Fig. VI 1.8). 

Case 1. This refers to the external longitudinal tensile 
force N applied within a distance z s (Fig. VI1.8a). The 
concrete is traversed by ‘through’ cracks, and at a cracked 
section the external force is resisted by the longitudinal 
steel alone. The member fails when the stress in the longitud¬ 
inal steel reaches its ultimate value. 
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Case 2. This refers to N applied outside z s . The part of 
the section more distant from N is in compression and the 
opposite part in tension, as in the case of eccentrical compres¬ 
sion with a largo amount of eccentricity. After the onset of 
cracking in the concrete of the tension zone, all of the tensile 




Fig. VI 1.8. Loading systems for members in eccentrical tension 
(a) Case J (tensile force ts applied within distance z,); (6) Case 2 (tensile force is 
applied outside this range) 


force at the cracked sections is taken up by the tensile steel 
alone. The member fails as soon as the stresses in the tensile 
steel and the compressive concrete reach their ultimate 
strengths. The steel in the compression zone may act at its 
ultimate strength if the depth of the compression zone is 
such that z c < z t . 

Eccentrically loaded members falling under Case 2 are 
fabricated with longitudinal and lateral bars similarly to 
members in bending. Those falling under Case 1 arc rein¬ 
forced as members designed to carry axial tension. 

It is advisable to use prestressing in eccentrically loaded 
members under the same conditions as for axially loaded 
members (Case 1) and bending members (Case 2). 



134 Ch. 7. RC Members tn Eccentrical Compression and Tension 


The strength analysis of eccentrically loaded members of 
any symmetrical cross section is carried out, assuming the 
loading system given in Fig. VII.8. 

Tn Case 1 (see Fig. VII.8a), the conditions for strength 
may be derived by equating the moments due to the inter¬ 
nal and external forces about the axes normal to the plane 
of flexure and passing through the centroids of the steel of 
areas P, and F'„ respectively: 


Ne' < R,P s z, 
Ne < R,F' s z, 


(VII.32) 


In Case 2 (see Fig. VII.8b), the condition for strength 
may be written in terms of the bending moment 

Ne < R vr F c z e + R 3 , co m P',z t (VII.33) 

Here, the depth of the compression zone can conveniently 
be found from the following expression 

R S F S - R,, comF's — N = R pr bx (VI1.34) 

Additional data on the design of members in eccentrical 
tension (the effect of prestress, use of high-strength reinfor¬ 
cement, inclined-section strength, cracking resistance, and 
sag) can be found in appropriate standards and specifica¬ 
tions. 




CHAPTER EIGHT 

MASONRY AND REINFORCED MASONRY STRUCTURES 


VIII. 1. Masonry Materials and Strength 

Masonry structures are assembled from natural or man-made 
stones bonded by mortar. According to the type of binding 
agent they use, mortars may be classed into cement, lime, 
and mixed (such as cement-lime and cement-clay mortars). 
Lime and clay enhance the plasticity and water-retaining 
capacity of mortar, thereby improving the quality of mason¬ 
ry. Mortars having a bulk unit weight (on a dry basis) of 
y ^ 1 500 kg m -3 are called heavy mortars, and those with 
y < 1 500 kg m -3 are known as light mortars. 

In Soviet practice, the strength of stone and mortar is 
expressed in terms of a brand number which refers to their 
ultimate compressive strength in kgf cm -2 . Strength tests 
are carried out in compliance with relevant standards. The 
brand number of high-strength stone (such as natural heavy- 
rock stone and high-strength brick) ranges between 300 
and 1 000, that of medium-strength stone (various types of 
brick, structural, clay tile, concrete blocks, and natural 
lightweight stone) ranges between 35 and 250, and that of 
low-strength stone (such as weak limestone and raw mate¬ 
rials) is from 4 to 25. 

For design purposes, the strength brand numbers for 
mortars are set at 4, 10, 25, 50, 75,100,150, and 200. Freshly 
placed mortar (or the thawed out mortar in a masonry struc¬ 
ture erected by freezing) is assumed to have zero strength. 

The frost-resistance brand number of stone ranges be¬ 
tween Mpa 10 and MPa 300. 

Appropriate standards set up minimum design brand 
numbers for masonry materials in terms of strength and 
frost resistance, according to the type of structure, exposure 
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conditions, and degree of durability*. For example, the 
stone to be used in the exterior walls of building which arc 
to meet the requirements of the first degree of durability, 
and also in the protruding parts of walls (such as cornices, 
parapets, and the like) should have a frost-resistance of at 
least MPa 50, and the mortar should have a minimum 
strength brand number of 50. 

The strength of masonry varies with age and depends on 
the size and strength of the stone, type and strength of the 
mortar, and quality of construction. _ 

The average (expected) ultimate strength** R, measured 
in kgf cm -2 (MPa), for various types of masonry may be 
found empirically. The design strength is given by 

H = R/K, 

where K t is the safely factor taken as 2 for compression and 
as 2.25 for tension. 

Design strength values for all types of masonry can bo 
found in relevant specifications. This text includes only a 
concise table (Table VIII.1); the values are given in kgf cm" 
(MPa). 


Tabic VIII.1. Design Compressive Strength of Prick 
Masonry Using Heavy Mortars 


Brick 

Mortar brand number 

Zero 

number 

100 75 

r>o 

1 25 

to 

st roue tb 

150 

22(2.2) 20(2) 

18(1.8) 

15(1.5) 

13(1.3) 

8(0.8) 

100 

18(1.8) 17(1.7) 

15(1.5) 

13(1.3) 

10(1) 


75 

15(1.5) 14(1.4) 

13(1.3) 

11(1.1) 

9(0.9) 

5(0.5) 

50 

11(1.1) 

10(1) 

9(0.9) 

7(0.7) 



The design tensile strength of masonry depends on the 
direction of tensile forces with respect to the joints 

* Durability of the 1st decree refers to a service life of at least 
100 years, durability of the 2nd degree to at least 50 years, and durab¬ 
ility of the 3rd degree lo at least 20 years. 

•• To masonry, (lie concept of characteristic strength /f r/l (r,, 0 
Chap. 1) is inapplicable, because its strength is neillu-r specified by 
any standards, nor is subject to any tests. 
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(Fig. VIII.1) and also the slate of stress; being = 0.3 
to 2 kgf cm -2 (0.03 to 0.2 MPa) for axial tension, and 
Run. b = 0.4 to 3 kgf cm -2 (0.04 to 0.3 MPa) for tension in 
bending. 

Sometimes, tbjc design strength of masonry should be 
multiplied by a service factor|m m . For example, the design 
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yjjr. VIII.l. Brick masonry in tension 

(o) tension across mi unbroken Joint; (6) tension across broken Joints 


strength of piers and partition walls smaller than 0.3 m 2 
in cross section should be reduced by 20% (m m = 0.8). 

When a member of cross-sectional area F is loaded over a 
part F C om of its area (where it carries trusses, beams, or 
columns), we speak of local compression. The unloaded part 
of the section acts as a restraint preventing the masonry 
from lateral deformation within the loaded area. Therefore, 
the design strength over the area P com is increased 

Re, = yR 

where 

y — y/ F/F com 5% Yj 

If the crushing area is located nonsymmetrically, the 
area F is reduced. The factor Vi depends on the type of ma¬ 
sonry and the manner in which local loads are applied. For 
solid brick masonry, Yi = 2 if the area of crushing lies in 
the middle of a wall or pier, and Vi = 1.2 if the crushing 
area is near the edge of a member. 

The strain of masonry under load is similar to that of 
concrete (see Sec. IT.2): 
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The modulus of elasticity E is given by the slope of tho 
stress-strain (c — e) diagram 

E = da/de 

According to an empirical relation proposed by L. I. Oni- 
shchik (USSR), 

E = E 0 (i - o/lAR) 

where E 0 is the tangent modulus of elasticity in kgf cm'* 
(MPa). 

In practical calculations, we adopt 
E 0 = aR 

where R is the average ultimate strength of a given masonry, 
taken as twice the design strength, and a is the clastic cha¬ 
racteristic of the masonry, depending on the type of ma¬ 
sonry and the brand number of the mortar used (see Tab¬ 
le VIII.2). 


Table VIII.2. Elastic Characteristic a 



Mortar brand number 


Typo of masonry 

25 and 

10 * 


mortar 

strength 

Clay brick, structural clay 
tile, and light-weight 

1000 

750 

500 

200 

Limc-aml-sand brick 

750 

500 




VIII.2. Design of Masonry Members 
in Compression 

The load-bearing capacity of compression members in non- 
reinforced masonry structures depends on the strength of 
the masonry, member size, and eccentricity e 0 of the longi¬ 
tudinal force. The last mentioned quantity is governed by 
the real or accidental displacement of the force N about the 
centroid of the member section. If a member is subjected to 
an axial force N and a bending moment M, the eccentri- 
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city is given by 

e 0 = MIN 

An accidental eccentricity c" e is taken 
into account only in the design of load- 
bearing walls under 25 cm thick. It is 
taken as 2 cm for load-bearing walls and 
as i cm for self-bearing walls, and added 
to the eccentricity e 0 . 

For nonreinforced masonry subjected 
to basic load combinations, the eccentri¬ 
city e 0 should not exceed 0.9y; in walls 
under 25 cm thick, 

e 0 + e? c < 0.8 y 

where y is the distance from the cent¬ 
roid of the section to the most comp¬ 
ressed face (Fig. VIII.2), for a rectangular 
section y = hi 2. In axial compression 
( e„ = 0), the stress is uniformly distri¬ 
buted over the entire cross-sectional area 
of the member (Fig. VIII.2a). If the 
force is applied with a small eccentricity, 
the stress is distributed nonuniformly, 
but all of the cross section is in compres¬ 
sion (Fig. VIII.26); as the eccentricity 
increases, tensile stresses a, e „ appear in 
the section (Fig. VIII.2c). When a len 
exceeds R ten .b, cracks open up in the 
tension zone (Fig. VIII.2d), and only part 
of the section of area F com resists comp¬ 
ression. For design purposes, we take the 
area F com to be symmetrical about the 
force N and the stress ( R(o > R) to be 
uniformly distributed over this area 
(Fig. VIII.2e). 

In slender compression members, we 
have to allow for a reduction in their 
load-bearing capacity due to buckling 
and sag build-up under long-time loads 
(see Chap. VII, Fig. V1I.5). 



VI11.2. stale 
"‘stress of comi.ros- 
siou members 
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From the above it follows that members in axial compres¬ 
sion should be designed subject to 

N < m,.,<pFR (VIII.l) 

where N is the design longitudinal force, F is tho cross- 
sectional area of the member, R is the design compression 
strength of the masonry, cp ^ 1 is the buckling coefficient, 
and mi.i ^1 is a factor taking care of the effect of sag un¬ 
der long-time loading. 

For members in eccentrical compression, the design expres¬ 
sion takes the form 

N < mi. t (fiF eom R(a (VIII.2) 

where N, m ( . lt and R have the same meaning as in Eq. 
(VIII.l), F eom is the area in compression symmetric about 
the force N\ for a rectangular section (see Fig. VIII.2*), 

F com = 2b (h/2 - e 0 ) (VIII-3) 

(■> is a coefficient accounting for an increase in the design 
strength of the masonry over the area F com ; for an arbitrary 
cross section, 

CO - 1 + tJ3u < 1.25 (VIII.4) 

for a rectangular cross section, 

(„ = 1+ * 0 /1.5 h < 1.25 (VIII.5) 

(for natural stone masonry or masonry built of stones and 
blocks manufactured of cellular or large-void concretes, o) 
is taken as 1), <p, is the buckling coefficient allowing for the 
fact that only part of the cross-sectional area resists com¬ 
pression. 

To determine cp, q>,, and m|. tl it is necessary to find the 
slenderness ratio X which, as will be recalled, is defined as 
the ratio of the effective length of the member, l„, to the 
radius of gyration of the cross section, r: 

X = l 0 lr 

Tho value of l 0 depends on how a member is fixed at the 
bottom. It is taken as 2 H for free members of height II, 
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as H for hinged members, and as more than or equal to 
0 . 8 //* for partly fixed members. 

The radius of gyration of a rectangular section of depth h 
is approximately equal to 0.29/t, so the slenderness ratio 
may directly be expressed in terms of l 0 !h. Accordingly, we 
may introduce the following notation 
V = / 0 /r 
and 

X h = IJh 

or 

« 0.29X' 

The buckling coefficient (p depends not only on the slen¬ 
derness ratio of a member, but also on the strain capacity of 
the masonry, expressed in terms of the elastic characteri¬ 
stic a. 

Table VIII.3 gives the values of tp as a function of the 
reduced slenderness ratio 

= 000 /a 

or 

X'red = (l 0 /h) Vi 000/a 

Table VIII.3. Buckling Coefficient (p 


tied 4 6 8 10 12 14 16 18 20 22 24 26 28 30 

Ktd 14 21 28 35 42 49 56 63 70 76 83 90 97 104 

<p 1 0.96 0.92 0.88 0.84 0.79 0.74 0.7 0.65 0.61 0.56 0.52 0.49 0.45 


For members rectangular in cross section, the buckling 
coefficient tpj is given by 

<Pi = 9 [1 — (e 0 lh) (0.06 V - 0.2)] (VIII. 6 ) 


* Accordingly, the heignt of walls and piers in multistorey build¬ 
ings of storey height II is taken as !„ = //. This quantity is assumed 
as l 0 = 0.911 if the walls carry precast floors, and as I 0 = 0.8// i! 
they support in-situ floors. In one-storey industrial buildings, th« 
effective length of walls and piers of height II is taken as 1.5 H foi 
singlo-bay buildings and as 1.25// for inultibay buildings. 
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For an arbitrary cross section, V' in Eq. (VIII.6) is repla¬ 
ced by l 0 IS.5r. 

The reduction in the load-bearing capacity of compression 
members due to long-time loading is taken into considera¬ 
tion only for a small cross-sectional area: at h <. 30 cm for 
members rectangular in cross section, and at r < 8.7 cm 
for members of an arbitrary cross section: 

m,. t = l- r] (N,. t /N) (1 + 1.2e 0 . i-A) (VIII.7) 


•where N is the total design longitudinal force, Ni-t k 
design longitudinal force due to long-time loads, *o,M 
the eccentricity due to long-time loads, andq is ® ‘ 

cient depending on the slenderness ratio (Table vi ■b 
At 30 cm (or r > 8.7 cm), m t . t is taken as unity- 


Table VIII.4, Coefficient q 


XA Under 
X r Under 


10 12 14 16 

35 42 49 56 

0 0.04 0.08 0.12 


18 

63 

0.15 


20 22 24 26 

70 76 83 90 

0.2 0.24 0.27 0.31 


VIII.3. Reinforced Masonry Structures 

Reinforced masonry structures are those congested with 
steel reinforcement. The steel improves the strength ana 
stability of the masonry. The brand number of mortar in 
reinforced masonry structures is taken to be not less than 
50 so as to protect the reinforcement against corrosion. 

When the slenderness ratio is ^ 15 and longitudinal 
force eccentricity is e 0 < 0.33y, use is made of steel fabric 
reinforcement placed in horizontal joints (Fig. VIII.3fl 
and b). When a member is subjected to compression, the 
steel fabric restrains the lateral deformation of tho masonry, 
thereby enhancing its load-bearing capacity. 

Sometimes, longitudinal reinforcement (Fig. VIII.3d) may 
be used to carry tensile forces in members working in ben¬ 
ding or eccentrical compression with large eccentricities, 
and also to improve the strength and stability of thin walls. 
Reinforcing bars are installed either inside, in vertical 
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Fig. V1II.3. Reinforced masonry 

1— masonry; 2—steel fabric; 3 —longitudinal bare; 4— hoops; S —concrete 


joints, or outside, in the layer of mortar, and connected by 
hoops in horizontal joints. 

In some cases, masonry may be strengthened with rein¬ 
forced concrete (Fig. VIII.3e) or casing (Fig. VIII.3c). 
These and longitudinally reinforced structures are very 
labour consuming and have, therefore, a limited applica¬ 
tion. The state of stress of such structures is similar to that 
of reinforced concrete structures. The design principles for 
reinforced masonry structures are given in relevant stan¬ 
dards and building codes. 

As a rule, brick and structural clay tile masonry (with a 
course not more than 15 cm high) is reinforced with steel 
fabric. 

In steel fabric, the wires may run in two directions (re- 
ctangular-mesh fabric), or in one direction (such as in zig¬ 
zag fabric). Two pieces of zigzag fabric placed in adjacent 
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joints are equivalent to one piece of rectangular-mesh fabric. 
The wire diameter is limited by the width of joints, being 
from 3 to 5 mm for rectangular-mesh fabric and up to 8 mm 
for zigzag fabric. The spacing between the fabric wires is 
taken as 3 to 12 cm, and the distance betwoen pieces of 
fabric should not exceed 5 courses of brick (40 cm). 

The amount of fabric reinforcement is expressed in terms 
of the volumetric percentage of reinforcement p, defined 
as the ratio of the reinforcement volume to the volume of 
masonry 

p = ( VJV m ,) X 100 


Referring to Fig. VIII.3/, the volume of masonry mV* - 
= C\C$s and the volume of reinforcement is V, — 7iw + 
+ / t Cj. As a rule, Ci = C 2 — C and /i = /a /» 80 

p = (2 f/Cs) X 100 (VI11.8) 


Relevant standards require that the minimum percentage 
of reinforcement should be p m i P = 0.1% and the maximum 
percentage of reinforcement, p m ax = 1%- 

In axial compression, the design strength of fabric-rein¬ 
forced masonry is given by 

R r . m = R + 2p/? < /100 < 1.8/? (VIII.9) 

where R is the design strength of unreinforced masonry, and 
R s is the design strength of the reinforcing steel, being 
1 500 kgf cm- 2 (150 MPa) for class A-I bars, 2 000 kgf cm" 4 
(200 MPa) for class B-I wires under 5.5 mm in diameter, 
and 1 800 kgf cm -2 (180 MPa) for class B-I wires over 6 mm 
in diameter. 

In eccentrical compression, the design strength of fabric- 
reinforced masonry is given by 


Rr-m, b = /? + 2p/?„ (1 - 2<?„/p)/100 (VIII. 10) 


From this expression it follows that the effect of reinfor¬ 
cing fabric on the strength of masonry decreases with increa¬ 
sing longitudinal force eccentricity and reduces to zero at 
e 0 = 0.5 y, that is, R r -m, b = /?• 

The elastic characteristic of fabric-roinforced masonry is 
given by 

a T = ali/Rr-m = <x2R/(2R + 2/?ip/100) (VIII.11) 
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whoro a is Ihe elastic characteristic of nonreinforced masonry, 
7 1 is the averugo ultimate compressive strength of nonrein¬ 
forced masonry, and R r -m is the ultimate compressive si renglh 
of reinforced masonry. 

When determining R r -m> R* is taken as 2 400 kgf cm - * 
(240 MPa) for class A-1 liars and as 3 500 kgf cm - * (350 MPa) 
for class B-I steel. 

Compression members reinforced with steel fabric are de¬ 
signed similarly to nonreinforced members (see Sec. VIII.2), 
but R in the design formulas is replaced by R r . m and the 
coefficient <p (or <pj) is determined as a function of the ela¬ 
stic characteristic a r rather than a. 

For members in axial compression, Eq. (VIII.1) takes 
the form 

N ^ mi.tyFRr.rn (VIII.12) 

For members in eccentrical compression, Eq. (VIII.2) is 
likewise rc-written as 

N < mi. t y x F eom Rr-m, **) (VIII.13) 

VIII.4. Design of Masonry Structures 

Any building is a space structure whose members (walls, 

piers, floors, etc.) work together under load. 

The horizontal reactions appearing in loaded walls and 
piers are transferred to floors resting on transverse walls or 
other structures stable in the transverse direction, and work¬ 
ing in in-plane bending. 

If the distance between the transverse walls is small, 
being within the limits set up by relevant standards*, the 
floors are regarded as immovable horizontal supports for the 
walls and piers. In this case, the building is said to be a ri¬ 
gid structural system. All multistorey buildings should be 
rigid structural systems. 


• Tho maximum dislanco bolwcon transverse walls or oilier stable 
transverso structures dopends on tho typo of masonry, type of floor, 
building height, and wind velocity (dynamic) head. In buildings 
having brick walls and reinforced concrete floors, it may be as large 
as 54 m * 

10-014 
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One-storey industrial buildings lacking transverse walls 
over a considerable length or equipped with a roof of low 
in-plane rigidity (for example, a roof assembled from asbe¬ 
stos-cement slabs installed on beams) form elastic structu¬ 
ral systems in which the walls 
and piers have a movable sup¬ 
port at the top. 

The thickness of walls in 
buildings is adopted so as to 
meet appropriate heating and 
strength requirements. The 
ratio of the wall (pier) height 
// to its thickness h should not 
exceed the limiting value p 
specified in relevant standards. 
As an example, for a load- 
bearing wall having no open¬ 
ings and made of brick of 
brand 50 and more and mortar 
of brand 25, (i should be not 
larger than 22; for brick piers 
made of the same materials, 
the ratio is reduced by 25% 
to 40% [depending on the 
cross-sectional area of the pier. 
When they are designed to carry vertical loads, the walls 
of a multistorey building are regarded within each storey 
as vertical single-span beams with hinged supports at floor 
levels (Fig. VIII.4). Each wall is subjected to a vertical 
load N t due to the floor located above the storey in question, 
a vertical load N w due to the weight of the upper part of 
the wall and that of all the upper floors, and also the self¬ 
weight N,. w . 

The load N f is usually applied with an eccentricity 
about the centroid of the wall cross section and induces a 
moment 



(•’ig. VIII.4. To the design of a 
masonry wall of a multistorey 
building of the rigid structural 
type 


M, - N,e, 

The load N w is applied at the upper storey at the centroid 
of the wall cross section. If the wall has a constant thickness, 
the load N w produces no moment; otherwise, it has an 



eccentricity 


e w = ±(h — h u1 ,)l 2 

where h is the wall thickness on the floor in question and K v 
is the wall thickness on the upper floor, and induces the 
following bending moment 

M w = ±N w e w 

The total moment at the floor bottom level is givon by 

M = M f ± M w 

The design section is chosen to be at the top of the parti¬ 
tion between windows. At this section, the bending moment 
is somewhat smaller than M (see Fig. VIII.4): 

M l = MHJH 

The normal force is given by 

N = N, + N w + N' s . w 

where N' s . w is the weight of the wall as reckoned from the 
bottom of the floor to the top of the partition. 

The eccentricity of the force N is. 

e 0 = MJN 

The partition is designed to resist eccentrical compres¬ 
sion by Eq. (VIII.2). 

VIII.5. Worked Examples for Design 
of Masonry Members 

Example VIII.1. Given: A brick pier subjected to axial 
compression. 

Material: lirae-and-sand brick. 

Brick brand number: 75. 

Mortar brand number: 25. 

Cross section: 51 X 51 cm. 

Effective length: l 0 = 4.8 ra. 

Design longitudinal force with allowance for the self- 
weight: iV = 18 tf (180 kN). 

Check the pier for strength. 
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Solution. Table VIII.1 gives R = 11 kgf cm'*. Since the 
cross-sectional area of the pier 

F = 0.51 X 0.51 = 0.26 m 2 

is smaller than 0.3 m 2 , the value of R should be multiplied 
by the service factor m m = 0.8 

R = 11 X 0.8 = 8.8 kgf cm" 2 
The elastic characteristic looked up in Table VIII.2 is 
a = 750 

The reduced slenderness ratio is 
X{ -cd= (hlh) 1/1000/a = (480/51) 1.000/750 

= 9.4x1.15 = 10.6 

According to Table VIII.3, <p = 0.87. 

Since k > 30 cm, Eq. (VIII.1) gives for m,., = 1 
N = tpFR = 0.87 X 51 X 51 X 8.8 = 19 900 kgf 
= 19.9 tf = 199 kN 
The condition for strength is satisfied: 

19.9 tf > 18 tf (199 kN > 180 kN) 

so we infer that the pier is adequately strong. 

Example VIII.2. Given: A brick pier in axial compres¬ 
sion. 

Cross section: 64 X 64 cm. 

Effective length: l 0 = 5.4 m. 

Material: clay brick. 

Brick brand number: 100. 

Mortar brand number: 50. 

Reinforcement: wire fabric of class B-I steel 4 mm in dia¬ 
meter (/ = 0.126 cm 2 ), placed at every three courses (s = 
= 23 cm). 

Wire spacing: c = 6 cm in either direction. 

To find: The load-bearing capacity of the pier. 

Solution. Table VIII.1 gives R = 15 kgf cm -2 (1.5 MPa); 
F = 0.64 X 0.64 > 0.3 m 2 , so m m = 1. 

Equation (VIII.8) yields 

H = (2 f/Cs) X 100 = 100 x 2 x 0.126/(6 X 23) = 0.183 % 
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which is larger thaa [i m in = 0.1%. 

At R, = 2 000 kgf tm J , Eq. (VIII.9) gives 
fl,. m = R + 2(ifl,/100 - 15 
+ 2 X 0.183 X 2 000/100 = 22.3 kgf cm-’ < l.SIt 

According to Table VIII.2, a = ! 000. 

At R; = 3 500 kgf cm-’, Eq. (VIII.il) yields 
a, = a2RH1R + 2fl;|t/100) = 1 000 X 2 X 15 

/(2 x 15 + 2 X 3 500 X 0.183/100) = 700 
The reduced slenderness ratio is 

■K h red = (540/64) V\ 000/700 = 10 

From Table VIII.3 we get q> = 0.88. 

At m,., = 1, Eq. (VIII.12) gives 

N = <p Ffi r . m = 0.88 X 64 X 64 X 22.3 
= 80 000 kgf = 80 tf = 800 kN 
Example VIII.3. Given: A partition in the exterior wall 
of a building (Fig. VIII.5). 

Storey height: 4.2 m. 

Distance from the top of the partition to the bottom of the 
floor: 50 cm. 

Wall thickness: h = 51 cm. 

Partition width: b = 120 cm. 
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Embedment depth of the floor topping into the wall 
a = 20 cm. 

Material: hollow structural clay tiles. Tile brand number: 

100 . 

Mortar brand number: 25. 

Design load: P = 50 tf due to the upper storeys, P, = 
= 10 tf due to the floor above the storey in question, and 
= 1 tf due to the weight of the wall above the window. 
Check the partition for strength. 

Solution. The eccentricity of the force Pi is 
ei = h!2- a/3 = 51/2 - 20/3 
= 25.5 - 6.7 = 18.8 cm « 19 cm 
The design bending moment at the floor bottom is 
M = Pie, = 10 x 0.19 = 1.9 tf m 
The moment at the partition top is 

M, = = 1.9 X 3.7/4.2 = 1.67 tf m 

The design longitudinal force at the design section is 

N, = P + Pi + Q, -= 50 + 10 + 1 - 61 tf 
The eccentricity of the longitudinal force is 

e„ - M,INi = 1.67/61 = 0.027 m = 2.7 cm 

Toblo VI11.1 gives the design compressive strength of the 
masonry as 

H = 13 kgf cm- 2 
According to Table VIII.2, 

a = 1 000 

and, according to Table V1II.3, 

\ h = 420/51 •-= 8.2 and <p « 0.92 
Equation (VI11.3) gives 
F'om = 26 (A/2 -c 0 ) = 2x 120 (51/2 - 2.7) 

= 5 470 cm 2 
Equation (VIII.5) yields 
«» =-- I + V 1.5/i = 1 + 2.7/(1.5 X 51) = 1.035 
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From Eq. (VI11.6) we get 

cp, = 9 II - e 0 (0.06V* - 0.2)//t| 

= 0.92 11 - 2.7 (0.06 X 8.2 - 0.2)/51| = 0.905 

Since h is larger lliau 30 cm, m.i. t is taken as unity. 

A chock by Eq. (VIII.2) 

gives 

01 000 < 1 x 0.905 X 5 470 X 13 X 1.035 
or 

61 000 < 66 500 

which means that the partition has an adoquate strength. 
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METAL STRUCTURES 


IX.1. Materials for Metal Structures 

The basic material for metal structures is steel. Among other 
things, it has an adequate strength, ductility, and weldabi¬ 
lity, and resists well dynamic loads without embrittlement. 
Where weight and corrosion resistance are critical, use is 
made of aluminium alloys. 

The properties of steel depend on its chemical composition 
and method of manufacture. Carbon raises the strength but 
adversely affects the ductility and weldability of steel. 
Therefore, steel structures are built of low-carbon steel with 
a carbon content of maximum 0.22%. 

The strength of steel can be improved without conside¬ 
rably affecting its ductility by alloying additions, such as 
manganese, silicon, copper, nickel, and chromium.^These 
are known as low-alloyed steels. 

The strength of some steels can be raised by heat treat¬ 
ment. 

The impurities that may be present in steel affect its 
properties in different ways. For example, sulphur makes 
steel brittle at elevated temperatures (this is known as 
red shortness), whereas phosphorus causes brittleness at 
low temperatures (this is termed cold shortness). Because 
of this, the percentage of impurities in steel is strictly li¬ 
mited. 

According to the manner of manufacture and the amount 
of gas evolved during solidification, low-carbon steels may 
be classed into rimmed (or'rimming) steels (designated in 
the USSR by the letters ko), semi-killed steels (nc), and 
killed steels (cn). 

Rimmed steels arc only partially deoxidized low-carbon 
steels that evolve a considerable amount of gas during so¬ 
lidification. (n this process a solid rim of clean metal is 
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rapidly formed next to the mould, while the core which 
solidifies more slowly is porous and has segregated impuri¬ 
ties. Semi-killed steels are deoxidized more completely 
than rimmed steels but still give off a small amount of gas 
during solidification. Killed steels are deoxidized to the 
point where there is no evolution of gas and the molten 
metal remains quiet in the 
mould. Owing to this, killed 
steels are more reliable in 
structures, especially those 
subjected to dynamic loads and 
exposed to subzero tempera¬ 
tures. 

Low-alloyed steels are ma¬ 
nufactured only as killed 
steels. 

The brittleness of steel is 
characterized by its impact 
strength which is defined as 
the work that must be done 
in destroying a notched speci¬ 
men in an impact test. The higher the impact strength of 
a steel, the lower its brittleness. 

The strength and deformability of steel are determined 
by tension tests. 

Figure IX. 1 shows stress-strain (o vs e) curves for low- 
carbon steel (curve 1) and high-strength steel (curve 2). 
The strength of steel is characterized in terms of the yield 
strength a,, and ultimate rupture strength a u{ . 

For steels whose stress-strain behaviour is described by 
curve 2 in Fig. IX. 1, it is usual to specify the proof yield 
strength <x 0 . a which is such that the permanent set is 0.2%. 

When stresses in steel are sufficiently smaller than the 
yield point, the stress-strain relations are described by 
Hooke’s law 

a = zE 

where E is the modulus of elasticity equal to 2 100 000 
kgf cm- 2 (210 000 MPa). 

The ductility of steel can be evaluated in terms of lli< 
percent elongation at rupture, z r . 



1 —low-carl>on steel; 2—hard steel 
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In the USSR, three groups of steels, namely group A, 
group B and group B (Russian letters throughout), are avai¬ 
lable commercially. Group A refers to steels with guaran¬ 
teed mechanical properties, group B to steels with a guaran¬ 
teed chemical composition, and group B to steels with gu¬ 
aranteed mechanical properties and chemical composition. 
Critical structures generally use steels falling into the last- 
mentioned group. Low-alloyed steels always come in 
group B. 

The main characteristics of steels are given in 
relevant standards. In the Russian designation of a steel, the 
first letter indicates its group (B or B). It is followed by the 
steel grade designation (C-r3 or 18r) and the letters deno¬ 
ting the manner of manufacture (nn, cn, or nc), and the 
last numeral gives the steel category in terms of the impact 
strength: for example, BGr3nc5, B18rnc5, or BCt3ku2. 

The grado designation shows how much carbon in points 
(hundredths of a percent) a given low-alloyed steel carries. 
The Russian letters T, C, JI, H, and X stand for manganese, 
silicon, copper, nickel, and chromium, respectively. If an 
alloying addition content exceeds 1%, the respective letter 
is followed by a number (rounded to the nearest integer) 
indicating the percentage of this particular addition. For 
oxamplc, in the designation 15XCHJI, the first two-digit 
number indicates that the carbon content is 0.15%, and 
the Russian letters X, C, H and /( stand for chromium, 
silicon, nickel and copper whose content docs not exceed 
1%. In the designation 1 / iT2, the first two-digit number 
indicates that the carbon content is 0.14%, the Russian 
letter T indicates that the steel is alloyed with manganese, 
and the numeral 2 indicates that the manganese content may 
reach 2%. 

In Soviet practice, all steels are divided according to 
their mechanical properties in tension into classes of strength 
(Table IX.1) which are called for brevity steel classes. In a 
steel class designation, the Russian letter C is followed by a 
fraction, with the numerator showing the minimum standard 
ultimate strength a ul in kgf mm -2 , and the denominator 
giving the minimum yield strength a u in kgf mm -2 . 

Each class consists of several grades. Appropriate stan¬ 
dards give recommendations for the use of the various grades 
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Table IX.1 . Classes of Steel for Metal Structures 



| Mechanical properties In tension 

Steel class 

o ,, 

kgf cm-? (MPa) 

percent clonga- 


kgf cm-2 (MPa) 



not lower than 


C38/23 

3 800(380) 

2 300(230) 

25 


4 400(440) 

2 900(290) 

21 


4 600(460) 

3 300(330) 

21 


5 200(520) 

4 000(400) 

19 


6 000(600) 

4 500(450) 

16 


7 000(700) 

6 000(600) 

12 

C85/75 

8 500(850) 

7 .' 00(750) 

10 


in steel structures according to the type of structures, expo¬ 
sure conditions, and expected subzero temperature. For 
example, at t — 30°C, welded floor and roof structures of 
class C38/23 may use steel grades BCt3uc 6, BCT.3rnc5, 
and BISrnco; those of class C44/29, steel grade CtTdc; 
those of class C46/33, steel grade 14r2; etc. 

If steel structures may be exposed to corrosive environ¬ 
ments in service, they should be protected by suitable co¬ 
atings. 

The characteristic strength Ii ch in tension, compression 
and bending is expressed in terms of the proof yield strength 
(for steels with a definite yield) or in terms of the proof 
ultimate strength (for steels having no definite yieldj.The 
design strength of steel in tension, compression and bending 
is given by 

R = R'Nk, 

where /c s is the partial safely factor in terms of material, 
taken as 1.1 to 1.2 if the characteristic strength is given by 
the proof yield strength, and as 1.45 to 1.6 if the characte¬ 
ristic strength is the ultimate strength. 

The design shear strength and end-crushing strength are 
obtained on multiplying It by a conversion factor, namely: 
/?,/, = 0.0/f and R ^. c = 1.5/?, respectively. 
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For structures that may be left in service even after the 
metal has reached its yield point (such as pipes and circular 
tanks subjected to tension induced by the internal pressure), 
the design tensile strength of steel is uprated, being 
2 600 kgf cm- 2 (260 MPa) for class C38/23, 3 000 kgf cm-* 
(300 MPa) for class C44/29, etc. 

For some structural members, the value of R given in 
Table IX.2 is multiplied by a service factor m < 1. This 


Tabic IX. 2 . Design Strength of Some Classes of Rolled Steel 



Design strength If 

i kgf era's (MPa) 

Type of siren? Hi 

steel class 


C38/2.I 

044/2!) 

C4 li/33 | 

C52/40 

Tensile, compressive and 
bending strength, R 
Shear strength, Jfjn 

2 100(210) 

1 300(130) 

2 600(260) 

1 500(150) 

2 900(290) 

1 700(170) 

3 400(340) 

2 000(200) 


factor is taken as 0.9 for solid beams and compressive mem¬ 
bers of trusses in civic buildings where the weight of floors 
exceeds the live load and for columns in residential and 
civic buildings and water tower supports, and as 0.75 for 
compressive members assembled from individual angles 
fastened in plane by one flange. 

The standard hot-rolled sections include sheets, strips, 
channels, 1-scctions, equal and unequal angles, pipes, etc. 
The main section characteristics such as size, cross-sectional 
area, moments of inertia, moments of resistance, radii of 
gyration, and weight per metre run in kg are given in ma¬ 
nufacturer’s data sheets for rolled products (see Appendi¬ 
ces X and XI). 

In designing a structure, the number of section types 
should be kept to a minimum. 

Aluminium may be alloyed with manganese (the alloy is 
designated AMn), magnesium (AMr), magnesium and sili¬ 
con (AB and A/I), and copper and magnesium (//). Owing 
to these additions, the strength of the alloys is comparable 
with that of steel, whereas their unit weight is one third 
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Ihe unit weight of steel ( t s>! 1100 kg m-»). However, they 
are much more expensive Ilian sleel and have a high defor- 
mability: their modulus of elasticity is E = 710 000 kgf cm -2 
(71 000 MPa) which is one third that of steel. Because of 
this, aluminium alloys are employed only where their use is 
warranted. 

Aluminium shapes may be rolled (sheets and strips) or 
extruded from small round billets through extrusion dies 
(angles, channels, I-sections, pipes, and box-section shapes). 
The flanges of aluminium angles, channels, and I-beams 
have bulbs at the ends, intended to raise their local sta¬ 
bility. 

The characteristics and design strength of aluminium 
alloys can be found in relevant standards and specifications. 


IX.2. Joints in Metal Structures 

Welded Joints. Most steel welding is done with one of three 
processes which are briefly discussed here. 

Manual metal arc. This is colloquially known as stick 
electrode welding or even just stick welding. The welder 
uses a stick or rod, which is a metal electrode with a fusible 
mineral coating, in a holder connected to an electrical sup¬ 
ply. An arc is struck between the electrode and the work- 
piece. It melts both the electrode and a superficial area of 
the workpiece. 

Electromagnetic forces created in the arc help to throw 
drops of the molten electrode on to the molten area of the 
workpiece where the two metals fuse to form the weld pool. 
The electrode coating, or flux, contributes to the content of 
the weld pool by direct addition of metal and by metallur¬ 
gical reactions which cleanse and refine the molten metal 
before it solidifies into the weld bead. The flux coating also 
generates a local gaseous atmosphere which contributes to 
the stability of the arc and prevents absorption of atmosphe¬ 
ric gases by the weld metal. 

Submerged arc. This welding process uses a bare wire 
electrode and a flux added separately in the form of granu¬ 
les or powder over the arc and weld pool. 

The flux has four principal functions: 
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(a) To protect the molten metal by forming a protective 
slag layer. 

(b) To stabilize the arc. 

(c) To cleanse the molten metal, particularly when there 
is rust on the surface. 

(tl) To control the composition of the weld metal. 

The process is used mainly in a mechanized system fee¬ 
ding a continuous length of electrode from a coil on a tra¬ 
ctor unit, which carries the welding head along the joint. 
Alternatively, the welding head may be fixed and the job 
traversed or rotated under it. 

As a mechanical process, submerged arc welding is ca¬ 
pable of greater consistency and productivity than manual 
welding, although this process is not suitable for areas of 
difficult access and mulliposition work in situ. 

Gas shielded welding. In this process, a bare wire electrode 
is used, and a shielding gas is fed around the arc and weld 
pool. This gas prevents contamination of the electrode and 
weld pool by air, and provides a local atmosphere giving a 
stable arc. The process is known as MIG (metal inert gas) 
when argon or helium is used—generally for nonferrous me¬ 
tals such as aluminium, titanium, and nickel alloys. For 
carbon and carbon manganese steels, the gas commonly 
employed is carbon dioxide (CO*) or a mixture of argon and 
carbon dioxide, and the process is then called MAG (metal 
active gas). 

Aluminium alloy workpieces more than 6 mm thick are 
welded with consumable electrodes. For thin sheet work 
less than 6 mm thick and precision welding of components 
to close tolerances, TIG (tungsten inert gas) welding ia 
used. This process employs inert argon or helium gas to 
protect the weld, and the arc is struck between the work 
and a non-consumable tungsten electrode. Filler can be 
added to the joint, although most applications employ joint 
designs not requiring filler (autogenous welds). 

Physically, two basic types of weld can be distinguished, 
namely the butt weld (Fig. IX.2a) where the deposited metal 
fills the gap between the workpieces lying in the same plane, 
and the fillet weld (Fig. IX.26) where the deposited metal 
fills the corner made by the workpieces lying in different 
planes. The butt weld is easy to make and results in a good 
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Fig. IX.2. Types of welds and welded joints 

joint. However, additional labour is required for edge pre 
paralion when the workpieces are more than 8 mm thick. 
A normal fillet weld is an isosceles triangle* in cross section* 
with a reinforcement 0.1 h w high on each leg. 

The design thickness of a butt weld throat is taken equal 
to the thickness of the workpieces, 6. The design thickness of 
a fillet weld throat is where p is a coefficient taken as 
0.7 for manual welding, and as0.7 to 1 for semi-automatic and 
automatic welding according to the number of passes. The 
effective length of a weld l w is taken as its full length l 
minus 1 cm to allow for likely poor penetration and fusion 
at the ends. 

The basic welded joints are as follows: 

(1) Butt joints where the workpieces lie in the same plane 
and are connected by a butt wold (Fig. IX.2c); 


• In high-strength steel structures intended to resist dynamic 
loads and vibrations and be exposed to subzero temperatures the 
fillet weld is a right-angled triangle in cross section with a leg ratio 
of 1 : 1.5. 
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(2) Bull joints on a backing strip welded by fillet welds to 
the workpieces (Fig. IX.2d); 

(3) Lap joints where the workpieces lio one on top of the 
other and are welded by fillet welds (Fig. IX. 2e); 

(4) T-joints where the workpieces are welded at an angle 
to each other by fillet welds (Fig. IX.2/). 

The strength of welds is characterized in terms of their 
design strength as given in Table IX.3. 

Butt welds are designed so as to satisfy the following condi¬ 
tion .. 

N/l w 6^R w (1X.1) 


where N is the design longitudinal force, R w is the design 
weld strength, l w is the effective weld length, and 6 is the 
effective thickness of the weld throat. 

Fillet welds must meet the following condition 

N!$h w l w ^Rf ( IX - 2 ) 


where $h w is the effective thickness of the weld throat, and 
Rf is the design strength of the fillet weld. 

Example IX. 1. Given: A butt joint on backing strips 
(see Fig. IX.2d). 

Steel: class C38/23. 

Backing strip thickness: 8 mm. 

Backing strip width: 160 mm. 

Design tensile force: N = 80 tf = 800 k N. 

To find: The effective length of the weld l w and the neces¬ 
sary length of the backing strips l,t. 

Solution. Table IX.3 gives 

Rf = 1 500 kgf cm -a 

The throat thickness is taken equal to the strip thickness 
h w = 0.8 cm 

Equation (IX.2) where P is taken as 0.7 gives the necessary 
weld length for the backing strips 

l <o = N!R? 0.7/i* = 80 000/(1 500 X 0.7 X 0.8) = 94 cm 

(IX.3) 
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Since we have two backing strips, the weld length for each 
backing strip is 

l w = 94/2 = 47 cm 

With the backing strip 16 cm wide, the necessary length 
of the longitudinal welds is 

(47 - 16)/2 = 15.5 cm 


and, with allowance for poor penetration and fusion at the 
ends, it is 

15.5 + 1 = 16.5 cm 


With the gap between the workpieces 1 cm wide, the total 
length of the backing strips is 

l„ = 2x 16.5 + 1-34 cm 

Riveted and Bolted Joints. Rivets (Fig. IX.3a) are used 
rather seldom, mostly in structures carrying dynamic loads 
or made of steel and aluminium alloys having poor weldabi¬ 
lity. Bolts (Fig. IX.36) are mainly used for field connections. 
The two basic types of bolts are rough-finished or black 
bolls and bright bolls. The former are forged from rolled 
bars, and the Tatter are turned on a lathe to fit the hole dia¬ 
meter. 

Holes in plates forming parts of riveted and bolted struc¬ 
tures are punched, punched and reamed, or drilled. Dril¬ 
ling, although more expensive, is more precise. As a rule, 
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punched holes are used for rivets and black bolts, and dril¬ 
led holes for bright bolts. 

Rivets and bolts resist shear across and bearing along their 
axes (Fig. IX.3c and d). The area in shear is equal to the 
cross-sectional area of a rivet (bolt), and the area in bearing 
is taken ns the rivet (bolt) diameter d multiplied by the mi¬ 
nimum total thickness 26 of members subjected to bearing 
in one direction. 

Rivets and bolls are designed subject to the following 
conditions: 

— in shear 

N/nn $h 0.25nd 2 < R ih (IX.4) 

— in bearing 

N/nd28^R b (IX.5) 

Here, N is the design longitudinal force imposed on a given 
connection, n is the number of rivets (bolts) in the connec¬ 
tion, n s u is ihc number of shear planes in one rivet (boll), 
and R,h and J{ b are respectively the shear strength and 
the bearing strength depending on the grade of steel used 
in the rivets (bolts), the parts being connected, and the 
manner of hole manufacture. 

The design shear strength of rivets made of Ct 2 steel is 
1800kgf cm -2 for drilled holes and 1600 kgfcm -2 for punched 
holes; that of black bolts is 1 500 kgf cm -2 . In a riveted joint, 
the design bearing strength of members made of class C38/23 
steel is 4 200 kgf cm -2 for drilled holes and 3 800 kgf cm -2 
for punched holes. In a joint using a group of bolts, R b — 
= 3 400 kgf cm -2 . 

Nowadays, riveting is rapidly being supplanted, both in 
the shop and in the field, by bolting with high-strength bolts. 
Tightened bolls give rise to friction forces in the plane of 
contact between the parts being fastened, so they can re¬ 
sist considerable shearing forces. High-strength bolts may be 
set in holes whose diameter is several millimetres larger 
than the bolt diameter, which markedly simplifies erec¬ 
tion. 

The design force carried by each friction surface (owing 
to one boll) is given by 

N b = Pfm 
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where / ^ 0.25 to U.55 is lire coefficient of friction varying 
with the class of surface finish and steel class, in 0.J is 
the service factor, and P is the axial force or bolt tightening 
P = 0.65o u //'’ n c t 

Here, o u , is the ultimate strength of n fai«U^stPon«Ui bolt 
(o u , = 8 000 to 13 500 kgf cm- 2 or 800 to 1 350 MPa), 
and F net is the net cross-sectional area of the bolt. 

In butt joints, the pitch of rivets and bolt® OJ® ‘ l ™’ 
to-centre distance between rivets and bolts) is taken as . 
The distance from the centre of an outer rivet (or non; 
the edge of the member is taken as 2d along the force or 
across the force. 


1X.3. Design and Proportioning of Beams 
Steel beams* are generally assembled from rolled I-sections 
which have a high flexural rigidity in the plane of the we . 
Sometimes, use is also made of rolled channels. YVhen iar 0 
spans are to be bridged or heavy loads are to be carried, boanis 
are made as built-up I-beams consisting of three sheets we - 
ded to form the web and the flanges. 

According to their static performance, beams may be clas¬ 
sed into single-span, continuous, and cantilever types. As a 
rule, use is made of single-span beams as the least labour- 
consuming in manufacture and erection, although they arc 
less economical of material than continuous beams. 

The base for a floor is constituted by a system of beams 
known as the grillage. Loads from the floor are transmitted 
to the supports (columns or walls) by girders, and the floor 
decking is supported by beams (Fig. IX.4). The floor de¬ 
cking may be made as an in-situ reinforced concrete slab or 
assembled from prefabricated reinforced concrete slabs or 
steel sheets welded to the beams. The arrangement of the 
grillage depends on the column grid size adopted, disposition 
of openings in the floor, size of the equipment to be accoramo- 


• Unless explicitly qualified, beams refer to both girders and 
beams proper. When any distinction is intended, the beam is the 
smaller member and may be supported by the girder.—Translator’s 
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dated, maximum allowable floor height, and economic 
considerations. 

In height, connections of beams and girders may be clas¬ 
sed into four types, namely the beam on girder connection 
(Fig. IX.5«), raised beam and girder connection (Fig. IX.5b). 
coped beam and girder connection (Fig. IX.5c). and lowered 
beam and girder connection (Fig. lX.5d). The beam on gir- 
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dor typo is the simplest, but the floor height required is the 
largest. In the coped beam and girder type, the floor decking 
can be supported on four sides. The lowered beam and girder 
typo is a good choice when the floor decking must be thick. 

Beams are checked for strength, sag, and, sometimes, 
stability. 

Rolled beams arc only checked for normal-stress strength. 
Tangential- and principal-stress strength is assumed to be 
ensured by an appropriate distribution of material, so it 
is not subject to any check in rolled shapes. 

The strength analysis of beams consists in determining 
edge normal stresses in a section subjected to the bending 
uiomcnl induced by design loads. These stresses should not 
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exceed the design strength R (Fig. IX.6a) 

M/W net ^ R (IX.6) 

where M is the bending moment induced by the design loads, 
R is the design strength of the material, and W nel is the 
moment of resistance of the net cross-sectional area. 

For rolled shapes, the value of W is looked up in the manu¬ 
facturer’s data sheets. For built-up beams, one should first 
determine the moment of inertia J, and then the moment of 
resistance W = J/y (where y is the distance from the cen¬ 
troid to the farthest edge of the section). In symmetrical se¬ 
ctions, y = hi 2. The sag is found as caused by the action of 
characteristic loads and as a function of the span l, manner of 
load application, and beam rigidity EJ. For a single-span 
beam carrying a uniformly distributed load q eh , 

/max = 5q ch l*/384EJ 

For a single-span beam resisting concentrated loads P ap¬ 
plied at third-points 

/max = (23/648) (PIVEJ) 

Relevant standards specify the limiting values of the re¬ 
lative sag defined as the ratio of the sag / to the beam span 
l: ftl ^ 1/400 for floor girders, and f/l^ 1/250 for floor 
beams. 

If the compressive flange of a beam is not fixed along the 
span, the beam may warp and bend out of the plane of fle¬ 
xure—a condition known as the loss of stability, even before 
all of its load bearing capacity has been used (Fig. IX.66). 
The reduction in the load-bearing capacity due to the loss 
of stability is taken care of in Eq. (IX.6) by an additional 
factor (f > b <. 1 which depends on the section depth, beam 
span, and manner of loading, and is determined using the da¬ 
ta of Appendix XII. 

Local ‘weak spots’ have no effect on the critical load that 
causes a beam to lose its stability, so the design formula is 
written to include the gross moment of resistance W gr of 
the cross section: 

MhbWgr^R (IX.7) 

Beams are presumed to be stable by nature of their confi¬ 
guration, so they are not checked for stability if the compres- 
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sivc flange gives support to a rigid floor decking (such asrc- 
inforcod concrete slabs, metal sheets, or corrugated sled) 
imposing a distributed static load on the beam, and in the 
case of built-up I-boams, if the ratio of the effective length/, 
of the compressive flange to its width b/ is within 13:1 to 
17:1 (providod the load is applied to the top flange). 

In most cases, the abovo conditions are satisfied, so sta¬ 
bility analysis is only carried out for beams whose compres¬ 
sive flange is not fixed ovor a considerable length (mono¬ 
rails, crano beams, etc.). . , . 

Hearns carrying a static load and fixed against tne loss 
of stability may bo checked for strength under I ho assumption 
of a plastic hinge. The point is that after the stress in l ie 
outer fibres has reached its ultimate value, such a beam i 
still able to carry some additional load because stresses arc 
still likely to build up in the fibres removed from tho edge. 
The load-bearing capacity of the beam is exhausted w en 
the stress reaches its ultimate value all over the cross se - 
tion (Fig. IX.6c). , 

Tho associated moment of resistance is known as tne pla¬ 
stic moment of resistance W 1 ' 1 . Accordingly, Eq. (‘ A -"l 
takes the form 

M/W n < It ( lX - 8 > 

Here, W 1 ' 1 = 25 < 1.2 W, and S is the static moment of 
the half-section about tho section centroid. For rolled I-be¬ 
ams and channels, 

W"" = i.i2W (IX.9) 

For a symmetric built-up I-beam welded from throe sheets 

(Fig. IX.M). 

W t “ » h (b,S, + b w h/A) (IX.10) 

The procedure for determining rolled beam sections is as 
follows. Calculate the bending moment .1/ and find the ne¬ 
cessary moment of resistance from Eq. (IX.6) or Eq. (IX.8) 
if the beam may be designed under the assumption of a pla¬ 
stic hinge. Then, look up a suitable shape in a listing of 
rolled products, determine the respective moment of iner¬ 
tia /, find the sag, and compare it with the maximum safe 
value. 
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Tho procedure for determining the section of a built-up 
I-beam welded of three sheets is as follows. Calculate the 
necessary moment of resistance W using Eq. (IX.fi) and 
find the optimal beam depth 

hfi*\A$VWIE^ (IX.ll) 

where fiu, is the web thickness in cm. 

In determining h, the web should be taken 8 to 10 mm 
thick and then checked for shear strength under the action 
of a shearing force (without taking into account the contri¬ 
bution from the flanges), using the following expression 
8 * >1.5 Q mi JIi, h h (IX.12) 

It should be remembered that when h/b w >• 1001/2 100//? 
the web should be strengthened with transverse stiffening 
ribs against the loss of stability*. 

The necessary moment of inertia of the entire beam section 
is given by 

/ = Wh/2 (IX.13) 

Since the moment of inertia ofj the web is known, the 
moment of inertia of the flanges is 

J, = J - J w = J - b w h 3 /i2^\ (IX.14) 

The moment of inertia of the flanges about the central 
axis of I he section (leaving out the moments of inertia about 
their own axes, which may be neglected) is 
J, « 2 F, (hi2? 

Hence, the required area of one flange is given by 

/-•, = 2 Jf/h* (IX. 15) 

Once is known, assume the flange cross section such 
that bf ■— hi 3 to hi 5 and 6, = F/lbf. 

Using the above data, proportion the beam cross section, 
find the moment of inertia J and the moment of resistance 
W , check the section for strength using Eq. (IX.fi), and de¬ 
termine the sag. 


* If the beam carries a live load, stiffening ribs iniist be installer 
when IJ6 W > 70 / 2 100//?. 
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The stiffening ribs that reinforce the beam web against 
the loss of stability (see Fig. IX.6d) are placed where con¬ 
centrated loads are applied at the supports, and are spaced 
not more than 2 h apart if h/6 w > 100 or not more than 2.5 h 
if h/6 U) < 100 in the span. 

The rib thickness should be at least 1/15 of their width 
b r « bj/2. The ribs at the supports together with the adja¬ 
cent web portions 156^ long on either side of the rib should 
additionally be checked by calculation as compressive struts 
carrying the support reaction. 

Built-up beams need not be checked for stability if h/6 w < 
<1101/2100 IH or /?/§„,< 801/2 100/i?. The latter case 
holds when a load applied between the stiffening ribs gives 
rise to a local stress. 

The welds joining the web and flanges of built-up beams 
must take up a shearing force T appearing when a beam is 
subjected to bending: 

T = QS,!J (IX.16) 


where Q is the design shearing force, S, is the static moment 
of the flange about the neutral axis of the beam, and J 
is the moment of inertia of the entire beam section. 

This shearing force must be resisted by two fillet welds, 
that is, 

T = 2f ihjif 

whence 

k w = T!2&HT> 6«,/2> 6 mm (IX.17) 


Built-up beams may be designed under the assumption of 
a plastic hinge only when they arc reliably fixed against the 
loss of stability. P'or this purpose, the ratio of the effective 
length /„ of the compressive flange to the flange width b/ 
should be anywhere between 9:1 and 12:1, the ratio of the 
width of the compressiv e flange overhang to its thickness 
should not exceed 10 \' 2 100/7?, and the ratio of the web 
depth to the web thickness (with only transverse ribs present) 
should not exceed 70 )' 2 100 /R. 

Example IX.2. Given: A maintenance platform assembled 
from rolled steel 1-beams carrying precast reinforced conc¬ 
rete slabs8cm thick with ceramic tiles laid on a layer of ce¬ 
ment mortar with a total thickness of 4 cm. 
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Beam span: l = 4.6 m. 

Ccntrc-to-centre distance between beams: 2.2 m. 
Characteristic live load imposed on floor: 400 kgf cm -2 . 
Overload factor: n = 1.2. 

Maximum safe relative sag: fll = 1/250. 

Beam material: class C38/23 steel. 

To find: The beam section. 

Solution. The beam is regarded as a single-span beam car¬ 
rying a uniformly distributed load. 

The loads imposed on the beam are as follows: 

— weight of the reinforced concrete slabs 

0.08 X 2 500 = 200 kgf nr 2 (2 kN nr 2 ) 

— weight of the floor 

0.04 X 2 000 = 80 kgf nr 2 (0.8 kN nr*) 

— approximate self-weight of the beam 

30 kgf nr 1 (0.3 kN nr 1 ) 

— characteristic load per metre run of the beam 

(a) dead load 

g ch = (200 -f 80) X 2.2 -|- 30 = 646 kgf m _1 (6.46 kN nr 1 ) 

(b) live load 

//'• *=■ 400 X 2.2 = 880 kgf nr 1 (8.8 kN nr 1 ) 

(c) total load 

q ch = g ch -j- p ch = 646 H- 880 
= 1 526 kgf nr 1 (15.26 kN nr 1 ) 

The design load per metre run of the beam is 
(j — g ct 'n y -|- p ch n., = 646 X 1.1 + 880 X 1.2 
= 1 766 kgf in- 1 (17.66 kN in' 1 ) 

The maximum bending moment is 

M = qm = 1 766 X 4.8 2 /8 
--- 5 100 kgf m (51 kN m) 

Table IX.2 gives the design strength /( = 2 100 kgf cm 
The beam is subjected to a uniformly distributed sla 
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load and its top compressive flange is fixed by the rigid 
floor decking against the loss of stability, so the beam may 
be designed under the assumption of a plastic hinge. Equa¬ 
tion (IX.8) yields the required plastic moment of resistance 
W'“ = MIR = 510 000/2 100 = 242 cm 3 

Recalling that IP' = 1.12W, we obtain 
W = 242/1.12 = 216 cm 3 

In the listing of rolled products (sec Appendix X), this 
corresponds to a size 22 l-beara {W x = 232 cm 3 and J x = 
= 2 550 cm 1 ). 

The sag caused atjmidspan by the characteristic load is 
/ = WHVmEJ = 5 X 15.26 X 4807(384 
X 2.1 X 10 6 X 2 550) = 1.93 cm 

The relative sag is 

pi = 1.93/480 = 1/250 

Example IX.3. Given: An immovable support for a heat 
pipeline, made as a single-span steel beam built up of two 
channels. 

Concentrated load at mid-span: P — 8 If (80 kN). 

Beam span: l = 2.4 ra. 

Material: class C38/23 steel. 

To find: The beam cross section. 

Solution. 

\1 = Pll 4 = 8 X 2.4/4 = 4.8 tf m (48 kN m) 

W r „ = 480 000/2 100 = 228 cm 3 

In the listing of rolled products (see Appendix XI), we 
look up two size 18 channels 

W x = 2 X 121 = 242 cm 3 

which is larger than 228 cm 3 . 

Example IX.4. Given: A steel built-up beam assembled 
from welded components. 

Beam span: / = 9 m. 

Concentrated loads at third-points P cl ‘ — 26 if, p = 32 if. 

.Maximum safe relative sag: /// = 1/400. 
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Material: class 014/29 steel. 

To fiiid: The beam cross section. 

Solution. The design forces are 

\I = Pin = 32 X 9/3 = 90 t! m 
Q = p = 32 tf 

The moment of resistance required for R = 2 600 kgf cm" 2 
(sec Table IX.2) is 

W = MIR = 9 000 000/2 600 = 3 700 cm s 

Assuming the web to be 8 mm thick, Eq. (IX. 11) gives the 
beam depth to be 

h - 1.15 V WK, = 1-151/ 3 700/0.8 = 78 cm 

A check to see if the web thickness meets the condition 
for shear resistance at the support section according to 
Eq. (IX.12), with R sh = 1 500 kgf cm -2 , yields 

- 1.5 Q/R sh k = 1.5 X 32 000/(1 500 X 78) = 0.41 cm 

which is smaller than 0.8 cm. 

Equation (IX.13) gives the required moment of inertia 
J = Wh.1‘2. = 3 700 X 78/2 = 144 000 cm 4 

The moment of inertia of the flanges is given by Eq. 
(IX.14) 

J, = J - b w h?H2 = 144 000 - 0.8 X 78 a /12 
= 111 000 cm 4 

The flange cross-sectional area is found from Eq. (IX.15) 
/■'/ = 2 Jflh* = 2 x 110 000/78* = 37 cm* 

We adopt 

bf « 0.25 li — 20 cm 
and 


6 / = 37/20 « 2 cm 
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Thus, Iho following cross-sectional dimensions arc adop¬ 
ted: 

h = 80 cm 
b = 20 cm 
= 2 cm 
h w = 70 cm 
b w = 0.8 cm 

The moment of inertia and the moment of resistance for 
this cross section arc 

J x = 0.8 X 76 3 /12 + 2 X 20 X 2 X 39* 

= 29 400 + 121 600 = 151 000 cm 4 
W x = Jj0.5h = 151 000/40 = 3 780 cm 3 

The beam is checked for strength usingEq. (IX.6), because 
the conditions for stability of the flange and web are not 
met and the assumption of a plastic hinge does not apply: 
l 0 lbf = 300/20 = 15 > (9:1 to 12:1) 
hjb w = 76/0.8 = 95 > 70 V 2 100/2 600 = 63 
MIW X = 9 600000/3 780 = 2 540 kgf cm' 2 < 2 600 kgf cm“* 
As is seen, the beam has an adequate strength. 

The sag induced at mid-span by the characteristic load 
P eh = 26 tf is 

/ = 23 X 26 000 X 900-7(648 x 2.1 x 10 6 X 151 000) 

= 2.1 cm 

The relative sag is 

III = 2.1/900 = 1/428 < 1/400 

Equation (IX.16) gives the shearing force T at the welds 
T =■■ QSf/J = 32 000 X 20 X 2 X 39/151 000 = 332 kgf cm" 1 

According to Eq. (IX.17), the weld throat thickness for 
fi = 0.7 and Hf = 1800 kgf cm -2 is 

h weld = 77(20//") = 332/(2 X 0.7 X 1 800) 

= 0.14 cm < 0.0 cm 
We adopt /**«<<! = 6 mm. 



A check lo see if the web needs to be checked for stability 
givos 

hJ6 u> = 70/0.8 =95 <110 |/2100/2«U0 = 99 

which means that a stability check may be omitted. 

Transverse stiffeners are installed at the supports, at 
third-points, and, since hjb w = 95 > 100 (/ 2 100/2600 = 
= 90, at every 1.5 m which is smaller than 2.5 h. The stif¬ 
feners arc taken to be 8 mm thick, which exceeds 1/15 of 
their width b r « b f /2 = 10 cm. 

IX.4. Design and Proportioning of Columns 

Columns in Axial Compression. Columns may be made cither 
as solid structures built of sheets, rolled shapes, and pipes 
(Fig. IX.7c), or as open-work structures consisting of in¬ 
dividual side members connected to one another by rectan¬ 
gular strips or diagonal lacing lightweight angles (Fig. 
IX.7 b and c). Open-work columns are more economical of 
material than their solid counterparts, but require more 
labour to fabricate. 

At the top, a column has a head whose construction de¬ 
pends on how the beams that the column is lo support rest 
on the head (Fig. lX.8a, b, and c ). The load at the lower end 
of a column must be transferred to a concrete footing or pier 
which in turn transfers the load to the ground. This is done 
by means of the column base. Bases for steel columns may 
consist of a single base plate (Fig. IX.8d), a base plate and 
stiffeners (Fig. IX.8e), or a base plate and vertical wing- 
plates transferring the load to the base plate (Fig. JX.8/). 
The base plate has holes to receive binding bolts from the 
footing, that join them together. 

The column is checked for strength at a section weakened 
by holes subject to 

N/F net ^H (IX.18) 

where N is the design load, F net is the net area of the section, 
and li is the design strength of the steel used. 

The cross-sectional dimensions of a column are small as 
compared witli its length, so columns are likely to lose sta¬ 
bility long before the stress in the material roadies its ulti- 
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Fig. IX.7. Steel columns in axial compression 

(«) cross sections of solid columns: (6) cross sections of open-work columns: 
<c) types of lacing in open-work columns; (</) to the design of lacing strips; J 
lacing; i— side member 


mate value (what is known as buckling takes place). There¬ 
fore, columns are designed for stability subject to 

N/F gr <p^R (IX. 19) 

where F RT is the gross area of the section in question, and 
is a coefficient which accounts for the reduction in the 
load-bearing capacity of the column due to buckling, and 
varies with the column slenderness ratio X and class of steel. 
For members in axial compression made of class C38/23 






Pig. IX.8. Column head and base 

J—column core; s lieams; 3 — support ribs In beam; 4— table; 5—base plate; 
S~stiffeners; 7- -winx-plalcs; 8 —rooting; 9 —binding bolls 


steel, cp may take on the following values: 

X 0 20 40 50 00 70 80 90 100 120 150 200 
<p 1 0.97 0.9 0.87 0.82 0.77 0.71 0.65 0.58 0.45 0.3 0.17 

The slenderness ratio of a column, X, is defined as the ra¬ 
tio of its effective length l 0 (Fig. IX.9) to the radius of gyra¬ 
tion of the cross section, r, which is a function of the mo¬ 
ment of inertia and the cross-sectional area: 

K = Ur x 
X„ = lo v lr u 
r, = V7jFZ 
r„~VJJF„ 
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One ought to design a column so that it lias equal stabili¬ 
ty about either axis, that is, X x « *>/• , 

In open-work columns, the axis crossing the side members, 
(the x-x axTs 'n Fig. IX 76) is known as the material axis, 
(the x x axis in g and that cr0S sing the lacing 

(the y-y axis in the figure), as 
1 I | I the free axis. 

’ — — • The slenderness ratio about 

the material axis is given by 
X x = l 0 /r x (IX.20) 

In a column built up of two 
similar shapes, the radius of 
gyration r v of the entire sec¬ 
tion is equal to r x of one side 
member. . 

Because the side member 
portions between the joints in 
the lacing arc compliant about tho free axis, y m S 
SS” adopt a reduced slenderness rafo %„ d < 

< For a column built up of two side momImis iacod together 


Pig. IX.!). rcrfcclivo lcnglli of 
columns in axial coinprossion 


by rectangular strips 


(IX.21) 


krai = V hy -|- J^s-m 
WhC1 ° X, - and 40 (1X.22) 

Here, /,_ ro is the clear space between tho lacing strips (see 
Fig. IX"7c), and r,. m is the radius of gyration of the side 
member about the y 0 -y 0 axis passing through the centroid of 
the side member (to be looked up in the listing of rolled pro¬ 
ducts). 

The maximum slenderness ratio of columns is A, nas = 

= 120 . 

In buckling, the lacing strips should take up a fictitious 
shearing force which for columns made of class C38/23 steel 
is assumed as 

Qflet = 20 Fgr 

The strips on either side of a column resist tho shearing 
force given by 

Qstr = CW2 = 20 F sr /2 = 10 F gr (IX.23) 
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From ihc coiulilioii for equilibrium of a column portion 
(see Fig. 1X.7</), we may write 

(htrU 2 = T, tr cl2 


where T xlr is the shearing force acting in the strip, l is the 
cenlrc-to-ccntrc distance between the lacing strips, and c 
is the distance between the column axes. 

Hence, 


T„ r =Q, tr Vc (IX.2-1) 


The bending moment in the strip is given by 

M slr = T slr c/2 = (Qstrl/c) (c/2) = Q str l/2 (IX.25) 

The thickness 8 of the lacing strips usually ranges be¬ 
tween (> and 10 mm, and their width d is taken as 0.5 to 
0.75 of the column section width. The flexural strengtli of 
a strip is assumed to be adequate if the strength of the fil¬ 
let weld fastening the strip to the column meets appropriate 
requirements. 

The length of the fillet weld is taken equal to the strip 
width d, and the effective length of the weld (with allow¬ 
ance for poor penetration and fusion at the ends) as l,oeid,~ 
— d — 10 mm. The weld carries normal stresses o l0< ., rf 
induced by the moment M str and tangential stresses x, orld 
due to the shearing force T str : 


Cf W rl<l - MsJWwdd = 3Qs'rU0.Vi wcld l- wcld (IX.26) 

x wo i,i - T slr /F we i,i = Q s trl/c0.7h weld l weld (IX.27) 
The weld is checked for strength subject to 


ft? (IX.28) 

As previously mentioned, the column base is intended to 
spread the column load over the area of the footing. 

The area of the base plate, F b _ plt is chosen so that the 
stress beneath the plate cannot exceed the design strength 
of the concrete in bearing: 


N/F b . pl ^R b (IX.29) 

The value of li b depends on the ratio of the area in bear¬ 
ing (the base plate area) to the total area F t of the fooling 
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carrying (lie column base, and also on (lie design strength 
of concrete U pr : 

H b = R pr \/ Ff/F,,.,* <2 H vr 

The base plate may be taken larger in size Ilian is required 
by design calculations so as to accommodate the wing-plates, 
stiffeners, and binding bolts. The minimum height of the 
wing-plates depends on the length of the welds fastening 
thorn to the column core. With a certain margin of safety*, 
the welds arc designed to withstand the total longitudinal 
force N. 

The contact footing pressure q = N/F b . pl causes the base 
plate to work in bending. The bending moment depends on 
the aspect ratio of the base plate in the portions bounded by 
the wing-plates, stiffeners, and the column core, if a portion 
of the base plate is fixed at one side, it works in bending only 
in one direction as a cantilever. If one side of a portion fixed 
at three or four sides is not larger than twice the other side, 
the plate is assumed to be in bending in two directions. Other¬ 
wise, we may neglect that the base plate is subjected to ben¬ 
ding in the direction of the longer span, and assume that the 
plate is to resist bending only in the direction of the shor¬ 
ter span. 

Portion 1 in^thc base plate shown in Fig. IX.8/ behaves as 
a cantilever, so the bending moment is given by 
M , = qa[l2 

Portion 2 is supported on three sides; the maximum ben¬ 
ding moment is given by 

M 2 = p<7« 2 

where a is the length of the free side and (1 is a coefficient 
depending on the aspect ratio: 

6,/a 0.5 0.0 0.7 0.8 0.9 1.0 1.2 1.4 2.0 oo 

8 0.060 0.074 0.088 0.097 0.107 0.112 0.120 0.120 0.132 0.133 

Portion 3 is supported on four sides; the maximum bending 
moment is given by 

A/ a = a qar 

* We do not take into consideration llial some of the longitudinal 
rone is transferred by the welds fasten ini; the column con- directly 
to the base plate. 
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whore a is the length ot the shorter side and a is a coeffi¬ 
cient dependin'' on the aspect ratio: 

Ola 1.0 1.1 1.2 1.3 1.4 1.5 1.6 1.8 2.0 <» 

<■/. 0.048 0.055 0.063 0.060 0.075 0.081 0.086 0.094 0. KM) 0.125 
The necessary thickness of the base plate is determined as 
St-,,i -- - V^MTK 

where M is the maximum bending moment in the base plate 
and H is the design bending strength of the steel. 

The wing-plates and stiffeners should be placed in such a 
way that the design effective thickness of the base plate is 
about the same (usually from 16 to 40 mm) in all portions. 

Example 1X.5. (liven: An Il-section steel column (Fig. 
IX. 10a). 

Material: welded sheets of class C38/23 steel. 

Design load: N -■= 105 If (1 050 kN). 

Column length: / = 4.1 m. 

Effective length (with hinged ends): /„ = l. 

To find: The load-bearing capacity of the column. 
Solution. The geometrical characteristics of the column 
cross section arc 

/-' = 24 X 1 x 2 + 18 X 1 = 66 cm 4 
J x « 2 X 1 X 24=712-1-18 X 1=712 -= 2 305 cm 4 

- 1 x 18=712 T 2 (24 X 1 =712 -|- 24 x 1 x 0.5 s ) 

- 4 800 cm 1 

r, K 2305/6(5 - 5.9 cm 
r,j -- V 4 800/6(5 — 8.5 cm 
K,» x ™ V' min = U' x = 410/5.9 = 70 < 120 
For X ■■■■ 70, (p - 0.77. 

A cheek on column stability according to Eq. (IX.19) 
gives 

NHFgr T) - 105 000/(66 X 0.77) = 2 060 kgf cm"* (20(5 MPa) 
< 2 100 kgr cm-- (210 Ml’a) 

As is seen, the column has an adequate load-carrying capa¬ 
city. 





Fin. IX. II). Column design examples 

Example 1X.0. Given: A column built up of two size 20 
channels with a fixed lower end and a binged upper end 
(Fig. IX.10/;). 

Column width: b = 20 cm. 

Column length: / = 0 in. 

Material: class C38/23 steel. 

Clear space between lacing strips: l slr — 70 cm. 

Strip dimensions: d — 15 cm, 8 — (5 mm. 

Throat thickness of welds fastening lacing strips to side 
members: h wc i<i = 6 mm. 

Effective length: l 0 = 0.7 x l = 0.7 X 6 = 1.2m. 

To find: The design load. 

Solution : The listing of rolled products (see Appendix XI) 
gives the channel characteristics 

/-• = 23.4 cm-* 

J x =-- 1 520 cm 1 
J w% — 113 cm 4 
r x = 8.07 cm 
= 22 cm 
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I lie distance from the outer face of the web to the section 
centroid is 2.07 cm. 

Equation (IX.20) gives the slenderness ratio about the 
material axis to be 

K = l 0 /r x = 420/8.07 = 52 

lo find the reduced slenderness ratio about the free axis 
y-y, we calculate 

/„ = 2 (113 + 23.4 X 7.93 2 ) = 3 220 cm 4 
> v= V'A 220/(23.4x2) = 8.3 cm 

Hence, 

X y = 420/8.3 = 50.5 

Equation (IX.22) yields the slenderness ratio for the side 
member 

-Wr„. = 70/2.2= 31.8 

Equation (IX.21) gives the reduced slenderness ratio 
K,,I = VK = v 50.5 2 •- 31.8* - (50 
which is larger than k x = 52. 

For X ----- 60, (p = 0.82. 

Recalling Eq. (IX.19), we find the design load imposed 
on the column 

A’ = HI <\p = 2 100 X 2 X 23.4 X 0.82 
= 80 500 kgf (805 kN) 

Now, we check the lacing strips for strength. The centrc- 
to-cenlre distance between the strips is 

/ = 70 -p 15 = 85 cm 

Equation (IX.23) gives 

&«r = 10 F, r = 10 X 2 X 23.4 = 468 kgf (4.68 kN) 

lunation (IX.24) gives 

T *tr = (4, r //c --= 468 x 85/15.8(5 - 2 490 kgf (24.9 kN) 

Equation (IX.25) gives 

M Ktr - Q slr ll2 = 468 X 85/2 

= 19 900 kgf cm (199 000 N in) 
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Next, we check the fillet weld for strength. The weld 
length is 

l wcld = l — 1 = 15 — 1 = 14 cm 
The moment of resistance of the weld is given by 
W w( ;l d = 0 .7h w t l d lwCld/6 

= 0.7 X 0.6 X t4 2 /6 = 13.7 cm 3 


The cross-sectional area of the weld is 
F„' ti = 0JK,„«L„« = 0.7 X 0.S X 14 - 5.9 cm* 
Equation (IX.26) yields the normal stress in the weld 
a„. ld = M, lr IW mlla = 19 900/13.7 = 1 453 kgf n J 
Equation (IX.27) gives the tangential stress resisted by 
the weld . 

x wM - T.,jr..u = 2 490/5.0 - 422 kgf cnr 

Equation (IX.28) gives the design stress in the weld 

o„„ . V A. u \ <7* = V T45?i'^422* 

= 1 513 kgf cm -2 (151.3 MPa) ~ 71“ 

= 1*500 kgf cm- 2 '(150 MPa) 


As is seen, the weld is sufficiently strong. 

Columns in Eccentrical Compression. Columns in eccentr - 
cal compression are simultaneously loaded by a longitudina 
force N and a bending moment M. In single-storey industrial 
buildings, columns are assumed to work in eccentrical com¬ 
pression. They are combined by the roof to form a trans¬ 
verse frame of a building. Such columns may be solid or open¬ 
work. The cross section of an eccentrically loaded column 
may be constant or it may vary along the height (as in step¬ 
ped columns). Most frequently, use is made of stepped co¬ 
lumns (Fig. IX.lib and c). A stepped column has a built-up 
H-section welded of three sheets above the crane beam it car¬ 
ries. Below the crane beam, it is built up of two side mem¬ 
bers joined oilher by cover plates (in which ense, we speak 
of a solid column) or lacing strips (in which case, we speak 
of an open-work column). The side members arc generally 
made of rolled sections, such as I-beams, channols, or sheets. 



If a side member is intended to carry heavy loads, its I-sec- 
tion may be welded of three sheets, and the channel sec¬ 
tion may bo welded of a sheet and two angles. 

The web of solid columns is relatively thin, being 1/100 
to 1/120 of the column length. The local stability of the web 
is enhanced by stiffeners 
welded pairwise on either 
side of the web and spaced 
a distance 2.5 h to 3 h apart 
(see Fig. IX.116). 

The lacing of open-work 
columns is placed in two 
planes. It is usually assem¬ 
bled from single angles form¬ 
ing a triangular mesh with 
additional struts (see Fig. 

IX.11c). 

Low buildings equipped 
with overhead travelling 
cranes having a lifting 
power of 15 to 20 t may use 
constant-section solid co¬ 
lumns (Fig. IX.11a). Such 
columns arc assembled from 
wide-flange rolled I-sections 
or welded of three sheets. 

In open-work columns, 
one side member extends 
throughout the entire height of a building, giving support 
to the roof, and the other goes as far as the bottom of the 
crane beam (Fig. IX.lid). The two side members are joined 
together by horizontal strips spaced so as to make the crane 
side member equally slender both in and across the trans¬ 
verse frame of the building. 

As a rule, columns in eccentrical compression are checked 
for stability. 

The critical longitudinal force N cr at which an eccentri¬ 
cally loaded column may lose stability, and the respective 
critical stresses a™' <C o„ depend on the initial eccentricity 
of the longitudinal force, e = MIN, the column slenderness 
ratio X, and the geometrical characteristics of the section. 


(a) (b) (c) (d) 



Fig. IX.H. Steel columns in eccen¬ 
trical compression 
(«) constant-section solid column; (Ji) 
stepped solid column; (c) stepped open¬ 
work column; (d) composite column 
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Eccentrically loaded columns are chocked for stability 
in the plane of flexure (in the plane of the transverse frame) 
subject to 

N/(<p ext A’ fr )< R 

where (p M< < 1 can be found in Appen dix X III according to 
the assumed slenderness ratio X = an< * ** re( * uccl * 

eccentricity m 1 of the longitudinal force. iron.;- 

Across the plane of flexure (across the plane of t* 1 ® 
verse frame), the column is checked for stability su >J 


NI(fiy v F gr ) < R 


(IX.31) 


ictor ior an /across 

sed column, depending on the slenderness ratio „ 

the plane of the frame), and c is a coefficient acc0l ‘, i ias 

the effect that the moment acting in the frame p 
on the column stability across this plane; it is f oul1 
cribcd in Appendices XIV and XV. h i. the 

In open-work columns, it is also necessary to 
side members for stability. In this case, the side m . 
are regarded as columns in axial compression, t 1 t | ie 

metrical cross section, the longitudinal force acting 
side member is given by 

N,.„, = NI2 + Mil, <‘ X - 32 > 

where h is the distance between the centroids of the side 
members. . ,• „„ 

The wob members are designed to carry a shearing 
Q* and the force induced by the contraction of the side in 
bers under the action of the longitudinal force* • 

The force in a diagonal of cross-sectional area /' ,i is 

N d = Q/'l sin a H- F d N sin- a/F (IX.33) 

where a is the diagonal angle (usually equal to 45°) and t 
is the total cross-sectional area of the side members. 

Compressive diagonals are checked for stability subj® c J’ 
to Eq. (IX.19) where the slenderness ratio is determined 


* If <> < Qfici, adopt O O/U-I C'»‘ ‘das* 038/23 

sled). 

** The lungiluilinal compressive force likewise shortens the weft 
members. 
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FijX. IX. 12. («) Base <»T a solid column in eccentrical compression 
and ( l >) bast* of an open-work column in eccentrical compression 


according to the least radius of gyration and H is multi¬ 
plied by the service factor m = 0.75, because the diagonals 
arc fastened to the side members by one flange. 

The base plate dimensions should be such that the stress 
in |he concrete footing cannot exceed R, )r . For the base of 
a solid column (Fig. IX.12a), the marginal stresses beneath 
the base plate are given by 

a = N/I‘ b . pl ± M/Wb-pi (IX.34) 

where W b -pt is the moment of resistance of the base sheet 
about the axis perpendicular to the plane of flexure. With 
the plus sign, we gel maximum compressive stresses, and with 
the minus sign, maximum tensile stresses. As already noted, 
ocom may not exceed lt pr . 

The tensile forces Z should be taken up by the binding 
bolls: 

Z = (M - Na)/y (IX.35) 

where .1/ is the design bending moment at the bottom section 
of the column (see Fig. IX.12a), N is the design longitudinal 
force, a is the distance from the centroid of the compressive 
stress diagram to the column axis, and y is the distance from 
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the axis of the binding bolls to the centroid of the compressive 
stress diagram. 

The necessary cross-sectional area of the binding bolls 
is found as . ,, Y , C \ 

F b = ZHnBln) (' X ' 36 > 

where n is the number of binding bolls, and Rtm is the 
design tensile strength of binding bolts, being eqiia 
1 400 kgf cm- 2 (140 MPa) for bolts made of grade ULrimu 

SU ?n open-work columns, each side member should prefer¬ 
ably have a base of its own (Fig. lX.Ub). Ea ®J **** ;. 

designed to carry the maxi 

(a) mail a mum compressive force W«-m 

( ) / , .i similarly to columns in axial 

1 • /K 1- | compression. 

•*1 / IX.5. Design and 

(b) Proportioning of Trusses 

l J/kL 1 A truss is an open-work (lat- 

lice) structure which is often 
' 3b used as a bearing member for 

(c) building roofs. The members 

i 1 I I .•/ I / of a truss are commonly called 

| I /\ 1 /%. I chords and web members, ihe 

y \iX \lx n| uppermost longitudinal mem- 

j 2 rr * T - bers are referred to as the top 

... . chord, and the lower ones the 

•'t. 13. sled trusses bottom chord . The interior 

j— dioK»nais; 4— verticals; s —gusset members are called web mem¬ 

bers; these may be classed as 
verticals or diagonals depending upon their orientation. 
The joints are often referred to as panel points. There arc 
many types of steel trusses used in building construction, 
and they are usually designated by the names of the men 
who introduced the particular system of web bracing. Of 
these the quadrangular Warren (Fig. fX.i.ln), Howe 
(Fig. IX. 13b), and flat-lop Warren (Fig. IX.lilc) arc the 
most common. The system of web bracing depends on the 
truss configuration, depth, and necessary panel size. The 


Fig. IX. 13. Slcel trusses 
/—top chord; 2 —lioltom chord; 
J—diagonals; 4 —verticals; S —gusset 
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Detuil A 




Fig. IX. U. I.alcral truss bracing 

J--trusses; 2 lalc-ral limcin» ill piano of top chord: . 1 —lateral hrac.iin: in plane 
of liottom clioril; 4 —lateral liracini; in vertical plane; S —spacers 

angle of inclination of web diagonal usually ranges between 
35° and 45°. Truss members are usually made of twin angles 
connected at the joints by gussets to which the angles are 
welded (see Fig. IX.13, Detail A). 

Across its plane, a truss owes its stability to lateral bracing. 
Braced trusses form a spatially stable block (Fig. IX.14). 

In abstract diagrams, each member of a truss is shown 
by a single line passing through the centroid of its section. 
The axes of all members meeting at one joint should inter¬ 
sect at the same point. For design purposes, the members are 
considered to be hinged at the joints. The member will then 
be subjected to only a direct stress (either compressive or 
tensile) which is constant throughout the length of the mem¬ 
ber, provided the loading is applied only to the joints. The 
value and sign of the internal forces arc found by design 
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calculations which may bo carried out either graphically 
(by the Maxwell diagram) or analytically (by the method 
of sections). The top cl,Old of a truss is in compression anil 
the bottom chord in tension. When a load is applied between 
the panel points, the axial force in the member ,s accompa- 
„iod bva bonding moment. Because of tins, the cross-sectional 
area of the member must considerably be increased, so this 
tvne of loading should be avoided. 

After the internal forces are found, the cross sections of 
the uss members are determined. The compressive mem era 
are designed subject to the condition defined by Eq. (IXdJ). 
Tlie sfenderncss’ratio X of the principal ^oTcTeed 
hers (chords and support diagonals) should not exceeu l-u, 
whereas that of the other compressive members may bo as 
high as 150. When finding the slenderness ratio, 1 , f 

length I, of the chords, support diagonals, a " ,I Mr " * ' f", 
plane of the truss is taken equal to their act a IcngtlW 
between the centres of the joints (the panel s - )• g/ 
other web members, the effective length is alto, 

Across the truss plane, the effective length ■ . 

assumed as the distance between the joints ; ' “f sla |, 

displacement across the truss plane by bracin„, 
ribs welded to the top chord, etc. 

Tensile members are checked subject to 

N/F ne t < K (IX.37) 

In choosing the sections, we should seek 10 rc( J' IC ®. ^ 
number of different shapes to a minimum (usually • 


3 TlPsize of the welds fastening the truss members to the 
gussets depends on the design force N and is ' ou 

*111 proportioning the joints between the truss me,n .^ l jg 
we should remember that the centroid of the twin ang 
closer to the weld on the angle back side and, as a c 
quence, the force applied to this weld is larger than ‘ 
applied to the weld on the angle leg side. The total ^ 
sectional area of the weld, necessary to fasten the me 
is inversely proportional to the distance from the we < 
troid to the edges (see Fig. IX.13, Detail A)- 



IX.6. Prestressed Steel Structures 


191 


Once llic necessary weld length is determined, wc choose 
the gusset size, bearing: in mind that the members should 
be spaced al llic joint at least 50 mm apart, and the gusset 
shape should be as simple as possible. 


IX.6. Prestressed Steel Structures 

To prestress is to artificially induce compressive stresses in 
a structural clement before it is loaded so that any tensile 
stresses which might be caused by the external dead and 
live loads are automatically canceled. This extends the 
range of the clastic behaviour of the member and makes it 
possible to use high-strength cables and wire strands which 
arc economical of material. 

Freslrcssing may be accomplished by inducing a hog or by 
tensioning high-slrcngtli strands which are part of a beam. 
Figure IX.15a shows a preslressed beam built up of two hog¬ 
ged elements welded in the hogged condition by longitu¬ 
dinal welds. The stress curve after manufacture is shown in 
Fig. IX. 15b. This curve is added together with the curve of 
stresses induced by the external load (Fig. IX.15c). As the 
external load increases, the resultant stress curve (Fig.IX.15d) 
becomes almost rectangular. Thus, the load-bearing capacity 
of the beam is considered to be exhausted when the stresses 
reach the ultimate strength over the entire section, rather 



I—iiroslrossiiiL' strands 
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than only in the outer fibre as is assumed in non-prestres 
sed beams. Figure IX.15e shows a beam prestressed by high- 
strength wire strands. The beam and the wire strands form 
a combined system in which the high tensile strength of 
the strands is used to improve the load-bearing capacity of 
the beam. 

A similar manner of prestressing applies to steel trusses 
which are prestressed by wire strands. Here, the prestres¬ 
sing strands are placed individually along the main tensile 
members as shown in Fig. IX.15/, or a common wire strand 
is used for the entire truss (Fig. IX.15g). 




CHAPTER TEN 


DESIGN OF BUILDINGS 


X.l. Principles of Building Layout 

Any building is made up of individual members combined 
in a single space structure. The requirements that the vari¬ 
ous structural members are to meet depend on their purpose 
and behaviour under load. For example, floor members 
should sufficiently be strong and rigid so that their sag 
cannot disturb the behaviour of the entire building; walls 
and columns supporting the floor should likewise be strong 
and stable. In addition, reinforced concrete members should 
sufficiently be crack-resistant so that cracks developing 
in the tension zone cannot exceed a certain limiting width. 
Moreover, some prestressed concrete elements are not allow¬ 
ed to show any cracks at all. 

A building as a whole must have an adequate spatial ri¬ 
gidity, that is, it must stand up well to all kinds of vertical 
and horizon I al loads. 

In construction, buildings may be of the skeleton type 
or of the bearing-wall type. 

Buildings of the bearing-wall construction owe their spa¬ 
tial rigidity to the co-operation between the longitudinal 
and transverse walls combined into a single space structure 
by floors. Brick- and blockwork buildings of the bearing- 
wall construction have been discussed in Sec. VIII.4. 

Skeleton-type buildings may, in turn, be classed into 
frame and frame-shear wall types. Frames are constituted by 
girders and columns which are generally rigidly fixed at 
the joints. Shear walls are usually masonry walls, reinforced 
concrete walls, or steel braces. In frame-type buildings, 
all external loads are taken up by transverse and longitu¬ 
dinal frames combined into a space structure by floors and 
a roof (Fig. X.la and b). In frame-shear wall buildings, the 
frames work together with the shear walls (Fig. X.lc). 

13-014 
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It is important that the individual structural members 
and a building as a whole should be strong, rigid, and stable 
at all stages of erection. For this purpose, temporary braces, 
spreaders, and similar elements are provided by design. 

In a spatially rigid building, a load imposed on a build¬ 
ing member is shared by the other members. 

Whatever construction type, buildings should be designed 
so as to make the most of machines and mechanisms in the 
erection, and to keep labour requirements and the cost of ma¬ 
terials to a minimum. From this point of view, the most sui¬ 
table are prefabricated structures. 

Prefabrication of structural members is most efficient 
when a factory can produce each type of elements on a repu- 
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titive basis- In view of this, it pays to limit the number of 
member typos used in a building, and adapt them to as large 
a number of building designs as possible. For this purpose, 
the main overall dimensions and design types of buildings 
are standardized and the main dimensions in plan and height 
are reduced to a limited range of standard sizes on the basis 
of a unified modular system*. 

For example, one-storey industrial buildings including 
water supply and sewage disposal buildings (such as build¬ 
ings for pumping stations, blowers, chlorinating stations, 
and the like) and boiler houses have dimensions taken as 
multiples of 3 m (or 6 ra) in plan and as multiples of 1.2 m 
in height. Their standardized design type is based on hinged 
joints between the roof and the walls or columns, so that 
the roof can be assembled from elements of the same type 
irrespective of the height of the building and presence of 
overhead travelling cranes or buried sections (see Secs. X.4 
and X.5). 

For each element of a building, the most rational type 
is selected as a standard. Type-design elements are manufac¬ 
tured iu quantity and constitute the main type of products 
turned out by construction industry plants in the USSR. The 
necessary data on standard prefabricated members can be 
found in appropriate parts kits which are intended as guides 
in the design of buildings and structures. With progress 
in technology and experience, standard elements are conti¬ 
nually improved, so updated kits containing advanced design 
types are published from time to time. 

The members for prefabricated buildings must be designed 
as large as may be permitted by the lifting power of avail¬ 
able erection mechanisms, load-carrying capacity of vehic¬ 
les, and methods of transportation. Large-size units cut down 
both the number of units to be installed and the time neces¬ 
sary to erect a building, and this requirement must be provi¬ 
ded for at the time of design. 

The designer should also remember that prefabricated 
members should readily be adaptable to streamlined manu¬ 
facture and erection. 


• Member sizes arc chosen to form a modular system based on a 
■lUO-mm module or a larger modulo which is a multiple of 100 min. 

is* 
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When lifted, moved, or placed in permanent position, pre¬ 
fabricated members are subjected to loads induced by their 
self-weight. In any of these situations, the disposition of 
loads may considerably differ from that existing in service. 
For instance, columns are intended to work in compression 
in service, whereas in transit and erection they work in 
bending as beams under the action of the self-weight; trus¬ 
ses and beams are supported at their ends in service, but 
at the points where slings are applied when lifted. 

Prefabricated members should be designed to carry their 
self-weight multiplied by a dynamic factor of 1.5 for lifting 
and erection and 1.8 for transit*. 

For the dimensional coordination of standard building 
members in the USSR, three dimension categories have been 
set up, namely nominal, structural, and 'actual. Nominal 
dimensions refer to the overall dimensions of a member as 
applied to the standardized dimensions of a building. Struc¬ 
tural dimensions (those given in drawings) diifer from nomi¬ 
nal by the width of gaps and joints. Actual dimensions depend 
on the accuracy of manufacture and may differ from struc¬ 
tural dimensions by a certain value, known as tolerance, 
which may range between 3 and 10 mm. For example, a rein¬ 
forced concrete roof slab in an industrial building has nomi¬ 
nal dimensions of 6 X 3 m and structural dimensions of 
5.96 X 2.98 m. 

X.2. Reinforced Concrete Floors 

General. Reinforced concrete floors may be built of precast 
members, cast in-situ, or erected as a combination of precast 
and in-situ members. There are two basic types of floor de¬ 
sign, namely beam and girder construction and flat-slab 
construction. The former refers to floors formed by slabs 
or floor panels supported by and acting together with beams 
running in one or two directions. In the flat-slab construc¬ 
tion, flat slabs are carried directly by columns flared at 
the top to form what are called capitals. 


* In this case, the load induced by the self-weight is taken with¬ 
out any overload factor applied. 
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Fig. X.2. Slab classification according to the aspect ratio 
(n) one-way slab; (b) two-way slab 

The type of floor and its layout (column grid and the di¬ 
rection of and spacing between beams) depend on the pur¬ 
pose of a building, its layout, and design, and also on the 
live load imposed on the floor, which is given by relevant 
standards for residential and office buildings, or is chosen 
according to the production process for industrial buildings. 
The values of the characteristic live loads and respective 
overload factors are given in Appendix II. 

When choosing the design type of a floor, it is necessary 
to compare several design alternatives in terms of the material 
consumption, labour requirements, and cost. 

According to the aspect ratio, floor slabs may be classed 
as follows. When Ul j ^ 2 (Fig. X.2a), we speak of a one¬ 
way slab subjected to bending along its shorter side. When 
/.,//, ^ 2 (Fig. X.2 b), wc speak of a two-way slab subjected 
to bending in two directions. 

Statically indeterminate beams and slabs for reinforced 
concrete floors arc designed with allowance for l he redist- 
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ribution of internal forces which may be caused by cracking, 
inelastic properties of concrete and steel, and partial loss 
of bond between the steel and the concrete. This makes 
it possible to distribute reinforcement in the most rational 
way and sometimes cut down the amount of reinforcing steel. 
Let us discuss it in more detail. 

As the external load increases, the stresses in the sections 
of a reinforced concrete member rise, too. When the tensile 
reinforcement at the most stressed section reaches its yield 
point, the highly stressed concrete in the compression zone 
undergoes a considerable inelastic deformation. This state 
of stress appearing in one of the sections of a statically deter¬ 
minate member causes its portions lying to the left and right 
of the section in question to rotate. As a result, the member 
fails before the stress in the concrete can reach the ultimate 
compressive strength (Stage III of the stress-strain state 
(see Chap. VI)]. 

If the stress in the tensilesteel reaches the ultimate strength 
in any section of a statically indeterminate member, no failure 
lakes place at this section, because the fixed ends prevent 
the member portions from rotation. The section in question 
undergoes a considerable local deformation, but it is still 
able to take up the moment 

M P i = Oj ,F s z c 

where /'’ s is the steel area and z c is the arm of the internal 
couple. 

In design calculations, this moment is taken as 


M = B s F,z c 


The beam portion experiencing the above state of stress 
is customarily called the plastic hinge. As the load rises 
further, the moment remains unchanged at the plastic hinge 
and increases at the other sections—what is known as re¬ 
distribution of moments takes place. 

Plastic hinges may develop consecutively at several sec- 
lions of a member until it becomes statically determinate. 
After that, the appearance of one more plastic hinge will 
cause failure. 
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As an example, let us consider a single-span statically 
indeterminate beam of span l with fixed ends, subjected to 
a uniformly distributed load q (Fig. X.3). 

The ultimate bending moments taken up by the span and 
support sections of the 

beam are (a L pSUp F sup t _ 

M sp = <J y F?z? and I / 5 5 \ I 

M sup = o u F**pz*"p . ) -. 

In statically determinate . 1 

beams, the sum of moments ’ qtfltlillHltlttltlil lfr 

in the span and at the sup- fc)rn z * u,> z*p —Ljup 
port is equal to the moment ~ if 

M 0 that would be taken up — 

by the same beam if it were _ at* L-J 

free-supported: (Q) M '~ e M sup =ft s ,: i uPz c up 

-f M sun = M n (X.l) ikl 

Will, a uniformly distri- , 
load, ^ 

M o = qP/8 f > 

\vrfte <n ' r We '" ay -^1111 1 111^ , 

OyF^z^’-r a yFl"Pzl u P— qP/8 s 

Assuming different vain- Fig x , To lho , sl lo _ 

es of /‘;' p and r* up , we obtain span statically indeterminate rein- 
differonl values of the mo- forced concrete beam with allow- 
menls in the span and at j££ es for lhc rcdislribuli °n ° f 

. , ,, <o) distribution ot reinforcement: (h) 

With elastic design, the loading system; (c) formation of plastic 
moments at Ike supports “,"&£> .XitnJ'KSMXS 
arp diagram due to load q — q, after fornia- 

. . _ „ tion of plastic liingcs at supports 

“'“sup — ql'/lA 

and the moment at mid-span is 

M SP = qW 24 

Thus, 

U.<up -I- Ms P = (]I-I8 = l/ 0 

If the amount of reinforcement placed at the beam sup¬ 
ports is less than that required to carry the above supporl 


!o) distribution of reinforcement: (h) 
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moment, plastic hinges will develop already at q t <.q, 
and an additional load (q — ?,) will build up moments only 
in the span. For instance, if the end portions of a beam are 
reinforced to carry the moment .4 ql 2 /\G, the amount 
of steel in the span should be enough to carry the moment 

AT . P = -4/ 0 - M*ur = ?W8 - f/*/16 = qPI 10 

As is seen, the manner in which the redistribution of mo¬ 
ments takes place depends on the amount and distribution 
of reinforcement and may be' specified in advance at the 
design stage. 

To limit the width of cracks at the section likely to deve¬ 
lop a plastic hinge, the redistributed moment M should 
not differ from Hie respective elastic moment by more tlnm 
30%. The reinforcement ratio at sections containing a pla¬ 
stic hinge is subject to 

I = x/h 0 < 0.35 

Precast Slab and Girder Floors. A precast slab-and-gir- 
dcr floor consists essentially of floor slabs (or panels) sup¬ 
ported by girders.Single-or multispan girders may be longi- 
tudinal (directed along the building)and transverse (Fig- X. i)- 
In civic buildings, the spans arc taken as multiples of a 
400-mm module; in industrial buildings, the column grid 
is any one of the following: 6 X 6 m, (> X 9 m, or 6 X 12 m- 


fa) (b ) 



Fig. X.4. Precast slab and girder floors 

(o) without Birders; (6) with single-span transverse girders; (c) and (d) with 
tispan longitudinal or transverse girders; j—slabs; 2 —girders; 3 —columns 
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Muilispan girders are generally assembled from appro¬ 
priately joined single-span girders. Single-span girders 
may have hinged supports at the columns. Girders can be 
rectangular, T-sections with the flange facing up, and T- 
scclions with flange facing down (Fig. X.5 a). The depth h 
of precast girders usually ranges between //10 and 1/14, 
where l is the girder span, and the width b ranges between 
0.3 h and OAh. 

According to their cross section, floor slabs may be classed 
into hollow-core slabs, ribbed slabs, and solid slabs (Fig. X.5 b, 
c and d). Hollow-core slabs are used in civic buildings where 
live loads on the floors are low and the ceiling should be 
smooth. Ribbed slabs arc preferably used in industrial buil¬ 
dings. Solid slabs arc heavy, so their use is warranted for 
small spans only. 

Panels may be made in either ordinary reinforced con¬ 
crete or preslrcsscd (usually pretensioned) concrete. The 
depth of non-prestressed slabs is taken from //15 to 1/20, 
and that of prestressed slabs, from 1/20 to 1/30, where l 
is the slab span. 

Floor slabs arc supported by girders or walls. In design 
calculations, they are regarded as single-span beams with 
free supports, subjected to a uniformly distributed load 
which is the sum of the self-weight, the weight of the top¬ 
ping, and the live load (Fig. X.Ga). The load q per metre 
run of a slab is given by 

<7 = ?Ai 

where q x is the load per square metre and b,i is the slab width. 



Fig. X.5. Cross sections of prefabricated members of slab and girder 
floors 




Pig. X.6. Loading system and design sections of floor slabs 

The maximum bending moment at mid-span is M — 
= 0.125 ql 2 , and the maximum shearing force at the suppor 
is Q = 0.5 ql. 

The area F t of the longitudinal tensile steel necessary 
to ensure the normal-section strength is determined as pre¬ 
scribed in Sec. VI.3. The design cross section of slabs is 
taken to be rectangular of width b' s i because the depth ox 
the compression zone x at Stage III of the stress-strain state 
is usually smaller than the depth of the upper flange «/ 
(Fig. X.Hb and c ). 

The inclined-section strength of slabs is determined as 
prescribed in Sec. VI.4. 

If 

Q < b x H tcn bh 0 

where b is the total width of ribs, transverse reinforcement 
is placed for structural reasons. Otherwise, the area of the 
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transverse bars in the mats placed in the ribs is found by 
design calculations. In round-void slabs, Q is generally smal¬ 
ler than k l H ten bh 0 , so bar mats are placed only at the slab 
ends over the length // 4. 

As already mentioned, the behaviour of the flange be¬ 
tween ribs depends on the aspect ratio of a slab. If a slab has 
no ribs or the distance l 2 between the transverse ribs is 
twice the distance l x between the longitudinal ribs, the slab 
behaves as a one-way slab (Fig. X.7 a). With allowance for 
the redistribution of internal forces, the bending moment 
is defined as 

M = qH\l\\ 

where q 1 is the load per square metre of the flange area. 

If 0.5 C LJli ■< 2 (Fig. X.7 b), the slab behaves as a 
two-way slab supported on four sides. The design procedure 
for slabs will be discussed later. When transverse ribs are 
spaced close together so that IJl 2 > 2 (Fig. X.7 c), the slab 



Fig. X.7. To llm slronglh analysis of I ho slab flange for local bonding 
bctwcnn I lie ribs 

/—slab lo:i<l-l>onrliin reinforcement; 2—slab transverse rilis 
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works as a one-way slab in the direction l.>. Transverse ribs 
(or joints) are designed as single-span beams supported by 
the longitudinal ribs to carry the load imposed by the flange- 
For design purposes, the transverse ribs are taken to be 1- 
sections. They are usually reinforced with one flat bar mat. 

The distribution of reinforcement in hollow-corc and rib¬ 
bed slabs is shown in Fig. X.8. 

Once the strength of slabs is determined, it is necessary 
to carry out a crack-opening analysis and to find the sag as 
prescribed in Secs. Vf.C and VI.7. This is done with ribbed 
slabs reduced to a T-section, and hollow-core slabs to an I- 
section as shown in Fig. X.9. 

The design of a girder consists in determining the load 
imposed on it, choosing the cross-sectional dimensions, and 
finding the necessary amount of reinforcement. 

The load imposed on a girder is taken as the load imposed 
on a strip of width k equal to the distance between the gir¬ 
ders. If we designate as g, the load due to the self-weight 
pf the slabs and topping per square metre, and as g a . w the 
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I'ig. X.9. To finding slab deformations 

(a) siil)stiU , U° n of round hole by equivalent rectangular hole; (6) design section 
of hollow-core slab with round voids 


load due to the self-weight of the girder, then the design 
load per metre run of the girder will be g = gje + g a . w . 
Accordingly, the live load per metre run of the girder will 
be given by p = pjt (where p x is the design live load per 
square metre of floor area). 

The total load imposed on the girder will, thus, be q = 
= 8 + P- 

In a single-span girder, :V/ mnx = 0.125 ql 2 and <? max = 
= 0.5 ql. 

In continuous girders, bending moments and shearing 
forces arc determined with allowance for the redistribution 
of internal forces. This means that the elastic moments at 
the supports are reduced by 30% and the moments in the 
span are raised subject to the condition of Eq. (X.l). Owing 
to the reduced moments at the supports, the joint between 
the girder and a column is much simplified. 

The elastic design of a continuous girder, assuming the 
worst combination of live loads*, is carried out by the gene¬ 
ral methods of structural mechanics. In the case of equispau 
girders, it is convenient to use tabulated data**. To demon¬ 
strate, for a girder subjected to a uniformly distributed 


* The dead load g is considered lo be applied simultaneously to 
all spans. The maximum bending moment in (lie span is found with 
the live load /> applied lo the span in question and then at every other 
span. The maximum bending moment at the support is determined 
with the live load applied to the two spans adjoining the support 
and lo every other spun. 

** See Appendix XV. 
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load, Ihe bending moment is given by 
M = (ag -1- M l- 

where a and |J are tabular coefficients. 

If the live load is very small as compared with the dead 
load, the moments may be determined at the elastic stage 
with all of the spans simultaneously subjected to the total 
load q = g + P 

M = a qP 

I After the redistribution of 

|m It Bending moment bending moments has been found, 

lllllllllil I ! Ill liiimm , fl ' w ” it is necessary to determine shear- 

I 1 ing forces. For this purpose, each 

Hr- 1 I |- span is regarded as a simply sup- 

* p'-'Tl L ported beam carrying its share 

HI \ cal - of load together with the sup¬ 

port moments. 

Fig. X.tO. Design girder mo- On moving away from the 
ment at the support support, the negative bending 

i—girder; ( 2 —column moments in the girder decrease 

(Fig. X.10). The design sec¬ 
tion of the girder at the support is that at the face of the 
column. Here, the bending moment is 
M 1 = M tup - Qb c J2 

Since the above approach envisages the possibility of a 
plastic hinge developing at the support, the cross-sectional 
dimensions of the girder should be re-defined so that at the 
support section 

£ = x/h 0 < 0.35 


I'ig. X.lO. Design girder 
ment at the support 
1—girder; (2—column 


The adopted bending moments are then used to find the 
area of longitudinal load-bearing steel in the spans and 
at the supports necessary to obtain the desired normal-sec¬ 
tion strength. The amount of transverse reinforcement (trans¬ 
verse bars in the mats) must be sufficient to give the de¬ 
sired inclined-section strength. 

A joint (at the support) in a multispan girder should en¬ 
sure the continuity of the girder. Referring to the joiut of 
Fig. X.Tla, the upper tensile reinforcement of the girder 




IS welded (during manufacture) to embedded steel parts. 
J he connection bars which are installed during erection are 
passed through holes in the column and welded to the embed¬ 
ded parts of the girder. At the joint, compressive forces are 
transferred from the girder to 
the column cantilever through 
embedded steel parts welded M 


to one another. After welding, 
the joint is concreted. 

The joint of Fig. X.116 is 
made as follows. The exposed 
ends of the support reinforce¬ 
ment of the girder are connec¬ 
ted to the mating stick-outs 
in the column with the help 
of inserts welded in a pool 
of molten metal contained in 
a reusable mould. After that, 
the joint is concreted. The in¬ 
serts make it possible to re¬ 
duce the length of stick-outs, 
thereby avoiding their dam¬ 
age in transit and erection, and 
also to compensate for a 
likely misalignment between 
the girder and the column 
slick-ou Is. In a roof girder, 
connection bars are welded 
to the girder reinforcement 
exposed ends in a pool of 
molten metal and then welded 
to an embedded part at the 
column head (see Fig. XI1.7). 

The tensile force in the con¬ 
nection bars is given by 
N = M'/z 



7 B 9 4 to 1 


Fig. X.ll. Joints in a mulli- 
span girder at the support 
1— girder; 2 —embedded steel parts; 
3 —connection liars; 4— column; 6 — 
to be Held-welded; 6—in-silti con¬ 
crete; 7—girder reinforcement slick- 
outs; S —connection inserts; 9—co¬ 
lumn reinforcement stick-outs; 10 — 
to be welded in imol of molten 


where z is the arm of the internal couple (see Fig. X.ll a). 
The cross-sectional area of the connection bars necessary 
to carry this force is 

l<\ = NIH, 
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Inserls j^j_ 
K-1 and K-la bar mats \T~~-—_ 


Fig. X.I2. Distribution of reinforcement in a rnultispan girdci 

The welds should be designed to take up this force 
sed by 30%. This increase will guarantee that the 
will not break, should a plastic hinge develop in the g 
section at the support. . • j. r 

The distribution of reinforcement in a continuous g 
is shown in Fig. X.12. In order to save reinforcing stee , 
it is advisable to cut off some longitudinal bars ini propor- 
tion to the decrease in the bending moment. Cutoff pom 
are located using appropriate moment diagrams (see 
Sec. VI.4). , .. „ 

In-Situ Beam and Girder Floors. A beara-and-girder floor 
consists essentially of girders, beams, and a one-way slab 
(Fig. X.13) cast in-situ in a common form and combined 
into a single system. 

The load from the slab is transferred to the beams, then 
from the beams to the girders, and finally from the girders 
to columns or bearing walls. The minimum slab thickness 
is 6 cm for civic buildings and 7 cm for industrial buildings. 
The centre-to-centre distance between the beams is usually 
1.8 to 2.5 m, and that between the girders is from 5 to 7 m. 
The beam depth is taken as IJ 12 to 7^/16, and that of girders 


• The aspect ratio of the slab is f,/f 2 ^ 3, so it works in bending 
across the beams and, consequently, may be regarded as a one-way 
slab. 






X.2. Reinjorced Concrete Floors 



as l g /10 to l g / 12. The width of girders and beams may range 
between hi 2 to hi 3. 

The design of a one-way slab is carried out for strip 1 m 
wide cut from the slab parallel to its shorter sides (Fig. X.13). 
The slab is subjected to a dead load g due to its self-weight 
and the weight of the topping, and a live load p. The total 
load is q = g -|- p. Bending moments (Fig. X.14a and h) 
are determined with allowance for the redistribution of 
forces: 

—in all middle spans and at intermediate supports 
M = qlVlQ 


—in the outer spans and above the first intermediate 
support 


At = <7/711 


The design cross section of the slab is a rectangle of width 
b = 100 cm. 
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Kie X 14. One-way slab of an in-si tu beam anil girder 11001 


Slabs are reinforced with welded-wire fabric m rolls. 
The reinforcement is placed near the bottom face in the 
span and near the top face at the supports, that is, according 
to the respective curve of bending moments. 

In the middle panels of a slab, surrounded by beams and 
girders, the design steel area may be reduced by 20% owing 
to tho positive effect of the thrust appearing due to the re¬ 
distribution of forces. 

The slab is not analyzed for inclined-section shear strength 
because the condition of Eq. (VI.35) is satisfied always. 

The beams carry their self-weight and the uniformly 
distributed load transferred by the slab from the strip of 
a width equal to the centrc-to-centre distance c between the 
beams. The load per metre run of the beam is 

<7 b = (fi -I- p) c -I- St 

where (g -| p) is the sum of the design dead and live loads 
per square metre of the slab surface. 

The loading system for multispan beams is similar to 
that for the slab. The bending moments and shearing forces 
are determined with allowance for the redistribution of 
forces as given in Fig. X.15. 

The effective depth of the beam is chosen such that £ < 
< 0.35 at the first intermediate support, as reckoned from 



X.2. Reinforced Concrete Floors 


211 


tho edge (where a plastic hinge is likely to develop because 
of the redistribution of forces). 

In the spans, the necessary area of longitudinal tensile 
steel is determined as for a T-section with a flange of width 
b') = c, because the flange (slab) lies in the compression 
zone. At the supports, the steel area is found as for a rec¬ 
tangular section of a width equal to the web width b, because 
the flange is in the tension zone. 

The reinforcement in the spans consists of welded bar mats 
whose longitudinal bars are chosen to carry the bending 
moment in the span, and the transverse bars are taken to 
ensure an adequate inclined-section shear strength (provided 
the width of the cross section is equal to the web width b). 
At the supports, the reinforcement is made up of two rolls 



Fig. X.15. Mullispan beam of a beam and girder floor 
(o) loading system; (6) bending moment diagram; (c) shearing force diagram; 
id) distribution of reinforcement; 1 —load-bearing reinforcement in span; 2— 
load-bearing reinforcement at support 
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of welded-wire fabric offset from eacli oilier and having trans¬ 
verse load-bearing wires. The fabric is placed above the 
girder. The steel area of the beam at the support is equal to 
the total area of the transverse 
wires within the portion c. 

The distribution of reinfor¬ 
cement in a beam is shown in 
Fig. X.15. 

The girders carry concentra¬ 
ted loads applied at the points 
where they support the beams 
and, naturally, their self¬ 
weight. Bending moments and 
shearing forces are determined 
with allowance for the redist¬ 
ribution of forces as in the 
girders of precast floors. 

In-Situ Floors with Slabs 
Spanning in Two Directions. 
This type of floor consists es¬ 
sentially of two-way slabs and 
girders resting on columns 
running in two directions 
(Fig. X.lGa). The column grid 
is usually from 4 to 6 m squa¬ 
re. The slab thickness ranges 
between 8 and 14 cm. The slabs 
are subjected to bending in 
two directions, and they are 
reinforced with welded-wire 
fabric placed near the bottom face in the span and near 
the top face at the supports (over the girders). 

Since bending moments in the span decrease on moving 
away from the mid-span to the supports, the bottom rein¬ 
forcement of the slab is made up of two pieces of welded- 
wire fabric with load-bearing wires running in two directions. 
The area of the load-bearing reinforcement in each piece of 
fabric is the same. One of the fabric pieces is cut off within 
/j/4 of the intermediate supports and within l x !8 of the outer 
free supports (where is the shorter span of the slab). The 
top pieces of fabric have the load-bearing wires placed in 


(Ij) liluli Indium rcinlor- 



t'iff. X.1C. In-situ floor with 
slabs spannini; in two directions 
<o) plan; (J>) slab rHnlorr.iwnt: i— 
slobs: Sf—wall; .7—Rirdprs; 4—co¬ 
lumns 
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one direction. The load-bearing reinforcement is distributed 
across the girders and reaches into the span for a distance 
V4 (l'ig. X.16b). 

Under load, the bottom surface of the slab develops cracks 
along the bisectors of the slab corners (Fig. X.17a), and the 
top surface develops cracks along 
the girders (Fig. X.176). As the (a) (b) 

load increases, the slab breaks KT~ .a re— 

at the cracks. In the limit slate, ] 

the slab is regarded as a system I 

of members connected by plastic ^ 

hinges along the lines of break¬ 
down (Fig. X.17c). The design lc ^ \ i, 2 
bending moment at the hinge per fit-/ (Vr 

metre run of the hinge depends ^-wy 7 ! y 

on the cross-sectional area I\ of - ^' V/yj «il 

the load-bearing reinforcement 

per metre of slab length and is •fgfrfp M 2 

found by the following formula y f "VT f 

If, in the general case, the steel M ' Tv 

areas at the supports and in all VZV'/'S/A'// 
spans (irrespective of their direc- 
lion) differ from one another, [/'■ * Mf '/// 

the design bending moments will * 35 / 

be different, too. For our discus- v// \ Ml > '//. 

siou, let us designate as M x and y7~- V/Xy/ V/ 

M. t the design moments in the //¥//) 

span, ami as ,V/„ and Fl x To 

-Tin the design moments at the a two-way slab (fixed at four 
supports (see Fig. X.17c). sides) 

A two-way slab is calculated /-plastic iimw ai in.-s u j.iH.rt 

,, . . J c 1. • . • (opens at the lop); i—plastic 

111 the State of ullimato equi- hinw in th.- span <o|«ns at til.- 
librium, assuming that the sy- hoUom) 
stem of slab members connected 


a two-way slab (fixed at four 
sides) 

/—plastic Ilium- at tin- support 
(opens at the lop); S —plastic 
htnse in the span (o|hiis at tin- 
hotlom) 


by plastic hinges moves under load, and the external load q 
moving together with the slab does work IV',, equal to work 
Vl‘,v done by the internal forces, which is the work done by 
the bending moments in producing angular deflections tp. 

Since half of the bottom bars are cut off within l x l 4 of 
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the supports (see Fig. X.166), the design equation takes the 
form 

ql\ (3Z, - / 1 )/12 = (2 M x + Mi + Mi) Z, 

+ (3A/,/2 - MJ2 + Mu + Mid h (X.2) 
If half of the bottom bars are cut off within IJ 8 of the 
supports, then 

ql\ (3Z, - Zj)/12 = (2 M x + M t + M{) l, 

+ (7M,/4 - MJ 4 + Mn + M'n) k ( x -3) 
The above design equations include six unknown moments. 
Taking five of them in an assumed proportion, the problem 
can be reduced to one unknown, and the others will be found 
from the proportion assumed. 

Calculations are much simplified if Zj — l, = ^ and the 
bending moments are assumed to bo the same in all inter¬ 
mediate panels. In this case, Eq. (X.2) yields 
qm = 1M 

whence 

M = qm2 = M sp = M SUP 

In a simply supported slab, all moments at the supports 
are equal to zero. Recalling that half of the bottom bars are 
cut off within IJ 8 of the supports and assuming that Zj — 
= Z, = Z and M 1 = M., = M sp , Eq. (X.3) gives 
M sp = gZ 2 /21 


The necessary area of the tensile steel F s is determine* 
as for a rectangular section 100 cm wide. Owing to the thrus 
arising in two-way slabs connected monolilhically witli 
the girders supporting them, the load-bearing capacity o 
the slabs increases. Therefore, the steel area may be reducer 


by 20%. , 

Two-way slabs are designed to carry the load distributer 
over areas taking the shape of triangles and trapezoids boun¬ 
ded by the bisectors of the slab corners (Fig. X.18n). Witn 
a square column grid, the girders in cither direction arc sub¬ 
jected to loads distributed over a triangular load area. 
The bending moments with allowance for their redistri¬ 


bution arc as follows: 
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Fig. X.18. To Ihc design or the girders of floors using two-way slabs 
(a) loading system; (6) distribution ot reinforcement 


—in the first span and at the first intermedialc support 
M = 0.7 M 0 

— in the middle spans and at the middle supports 
M = 0.5/V/ 0 

where ,l/ 0 is the bending moment induced by the load distri¬ 
buted over a triangular or trapezoidal load area. 

Two-way slabs may sometimes be used as part of ribbed 
panels in precast slab-and-girder floors having transverse 
ribs (see Fig. X.lb) and also as part of precast square panels 
surrounded by ribs (sec Figs. XII.4 and XII.5). The portions 
between the ribs of such slabs arc designed using the tech¬ 
nique discussed above, and the ribs as single-span beams 
subjected to a triangular load. 

Flat-Slab Floors. An in-situ flat-slab floor is shown in 
Fig. X.19a. The column grid size is usually 6 m square and 
the slab thickness ranges between 18 and 22 cm. Flat-slab 
floors have no protruding ribs, so their height is small and 
the space below them can easily be ventilated. Owing to 
this, flat-slab floors arc widely used in buried tanks (see 
Figs. XI.1 and XI.25), cold-storage houses, warehouses, 
and garages. 

The faces of capitals are inclined at 45°. Their base side 
length is c = 0.2/ to 0.3/ at the bottom of the drop panel, 
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Fig. X. 19. Flat-slab floor 

(a) general view; (6) capital dimensions; (c) distribution of slab 
,d) distribution of capital reinforcement 


reinforcement; 


and a■ = c + 2 h 0 at the top reinforcement of the drop panel 
(Fig. X.196). The dimensions of the capitals should bo cho¬ 
sen so as to prevent the flat slab from crushing along the 
faces of the pyramid designated mm nn in Fig. X.!<)/>. 

The crushing strength is adequate if the following condition 
is met 

P ^ P ten^mcd^O 

where P is the total load imposed on the floor slab minus 
the load applied to the top of the crushing pyramid: 



and b me d is the median peri¬ 
meter of the crushing pyra¬ 
mid: 

bmed = (4a + 46)12 = 2 (a + c) 
A flat slab is designed by the 
ultimate equilibrium method, 
according to the manner in 
which it is likely to break 
down. With a strip load, the 
middle panels develop two 
longitudinal cracks (spaced a 
distance « 0.1 1 apart) on 
the top surface and one crack 
on the bottom surface in the 
mid-span (Fig. X.20a). At the 
limit state, linear plastic hin¬ 
ges connecting two fragments 
of the slab form along these 
cracks (Fig. X.20b). The ben¬ 
ding moments at the plastic 
hinges are 

M, up = R s F* u pz* u p 
and 

M, P = R,F» zjV' 

The sum of the bending mo¬ 
ments in the span and at the 
supports (Fig. X.20c) is assu¬ 
med equal to the moment M 0 
in an equivalent beam 




M, up + M tv = M 0 (X.4) 

Assuming the design load q , 
strip width Z 2 > and effective 
span Zj — 2c lt we have 
M* ■--- qh (/, - 2cj) 2 /8 
Substituting the values of M SJ „ M SUJ „ and ,1/ 0 into Kq. (X .4) 
yields the following design formula 


l-’ig. X.20. To the design of a 
Hut slab in the slate of ultim¬ 
ate equilibrium 

(u)und (l>)slab breakdown under strip 
load; (e) bending moment diagram; 
(d) slab breakdown when entire slab 
area is loaded 


ql-i (k — 2cj) 2 /8 < R t (F*“P 2 * u p + F*p z-v») (X.5) 



Fig. X.21. (a) Precast flat-slab floor and (t>) prccast/in-silu flat-slab 
floor 

I—capital; 2—slab; 3—drop panel 

On specifying F s a ul ’/F s f = 0.5 to 0.67, Eq. (X.5) can be 
reduced to one unknown. 

The above design procedure is the basic one for flat-slab 
floors and must be carried out in all cases. Sometimes, it 
proves necessary to check flat slabs for strength when the 
load is simultaneously applied to adjacent panels. The pla¬ 
stic hinges that form in this case are shown in Fig. X.20<2. 

Precast flat-slab floors consist essentially of three groups 
of members, namely capitals, drop panels, and slabs. The 
capitals are carried by the flared portions of the columns and 
take up the load from the drop panels which run in two mutu¬ 
ally perpendicular directions and act as girders. The slabs 
are supported on four sides by the flanges of the drop panels, 
and act as two-way slabs (Fig. X.21a). 

The capitals may be rectangular or have the shape of a 
truncated pyramid. The drop panels and slabs may be rib¬ 
bed, hollow-core, or solid. 

The component members are connected by welding toge¬ 
ther their embedded steel parts, after which the joints are 
concreted. 

Bending inomonts are determined with allowance for the 
partial fixation at the joints: 

—for a square slab having a side of 
M •-= ql\l 27 
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—for a square drop panel of span l 2 
M sp = q eq l\l 12 

and 

M aup = q eq l\l 24 

where g*, is the equivalent uniformly distributed load. 

The capital is designed as a cantilever carrying the reac¬ 
tion of the drop panel and the distributed load within the 
capital area. 

In precast/in-situ flat-slab floors (Fig. X.21b), the pre¬ 
cast capitals, drop panels, and slabs are covered with ad¬ 
ditional reinforcement and in-situ concrete. As a result, they 
work similarly lo in-situ floors, but need neither scaffolding 
nor formwork. 


X.3. Reinforced Concrete Column Footings 

Foundations are intended to transmit loads from columns 
to soil and distribute the loads in such a way that the pres¬ 
sure beneath the bottom of a footing is low and will not 
cause undue settlement of the foundation material. 

There are three basic types of foundations, namely an 
isolated or independent benched footing which supports a 
single column (Fig. X.22a), a strip or continuous footing 
(Fig. X.22 b), and a mat or raft foundation (Fig. X.22c). 
The two last-mentioned types are used with weak soils or 
considerable loads. According lo the manner of manufacture, 



Fig. X.22. Types of reinforced coucrele footings 
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we may distinguish precast footings consisting of a single 
prefab member or assembled from several members 
(Fig. X.22 d), and in-situ foundations. The latter arc easier 
to manufacture, so they are used rather frequently, espe¬ 
cially if they are large. 

Precast columns are built in special sockets provided in 
footings for a depth of not less than the side of the column 
cross section (with solid single-piece columns), nor less than 
the anchorage length of the column reinforcement. The di¬ 
mensions of a socket in plan should be larger than the respec¬ 
tive dimensions of the column by 100 mm at the bottom and 
150 mra at the lop (Fig. X.23a). After installation and a 
check against a plum-bob, the gaps between the column and 
the socket are filled with concrete. If a footing is to carry 
an in-situ column, it has dowels which are welded to the 
column reinforcement (Fig. X.23b). 

The reinforcement of a benched fooling is a bar mat with 
the load-bearing bars running in two directions. The mat 
is placed at the bottom with a concrete cover of 3.5 cm (if 
a layer of sand and gravel is provided beneath the bottom 




of the footing) or 7 cm (if no layer is provided). This rein¬ 
forcement lakes up tensile forces at the bottom of the footing 
when the footing is subjected to bending due to (he contact 
soil pressure (Fig. X.23 c). 

If a footing is subjected to an axial load only, we speak 
of an axially loaded footing. If a fooling resists a normal force, 
an overturning moment, and a shearing force applied simul¬ 
taneously, it is regarded as an eccentrically loaded footing. 

Owing to the high rigidity of isolated benched footings, 
the pressure beneath their bottom (and, as a consequence, 
the contact soil pressure) is assumed to be distributed linearly. 
The bottom size is chosen such that the settlement does not 
exceed the maximum safe value specified for a given type 
of structure. For some industrial and civic buildings resting 
on low-compressibility soils*, no settlement analysis needs 
be carried out, if the pressure beneath the bottom of the 
footing does not exceed the design soil bearing capacity R s 
determined on the basis of siting data. 

Relevant standards (see Appendix XVI) give the nominal 
design bearing capacity R 0 for various soils, which may be 
adopted as the design soil bearing capacity R„ for footings 
of width bi = i m and embedment depth ft, = 2 m. For 
ft 2 m and b ^ 1 m, 

R 3 = R 0 [1 4- ft, (b - ft,)/ft,l ((ft + ftj)/2ft, I 
For ft > 2 m and ft 2s 1 m, 

R, = R 0 [1 -f ft, (ft - ftxJ/ftJ 4 ftyyn (ft - ft,) 

where 

ft, = 0.125 for gravel and sandy soils (except fine sands); 

ft, = 0.05 for clay and fine sand; 

ft 2 = 0.25 for gravel and sandy soils; 

k~, = 0.2 for loam and sand loam; 

ft 2 = 0.15 for clay; 

Yu = bulk unit weight of the backfill over the footing 
steps (in tf in' 3 ). 

To prevent undue settlement of the foundation material 
(the second group of limit stales), the pressure beneath the 

* The modulus of clast icily is H > 300 lo 500 k<jf cm -2 (30 to 
50 MPa). 
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bottom of a fooling should not exceed the design soil bearing 
capacity H s . For this purpose, the appropriate loads should 
be taken equal to their characteristic values, that is, multi¬ 
plied by the overload factor n = 1 . 

Design of Axially Loaded Footings. Here, the loads respon¬ 
sible for the pressure beneath the bottom of a footing are 
the normal force N c!l transmitted from the column to the 
footing, the self-weight of the footing, and the weight of 
the backfill over its steps (Fig. X.23 d). 

If we take the average load due to the unit volume of 
the footing and the backfill over its steps as y av = 2 tf m -3 , 
then their total weight with a footing area F f and embedment 
depth Hi will be y ao F f Hi and the pressure beneath the 
bottom of the footing, caused by this weight, will be 

yaoFfHi/Ff = y ao Hi (X.6) 

Reducing H g by y ao Hi gives the design pressure which 
may be carried by the soil if only the force N' :l ‘ transmitted 
by the column is acting. As a consequence, 

N eh IFj < li s - y av Hi (X.7) 

whence 

F, = N‘ h l(R, - y.M (X.8) 

Axially loaded footings are generally square in plan, so 
the side of the fooling is given by 

a = VT, (X.9) 

The contact soil pressure responsible for the footing sag 
is produced only by the load transmitted by the column. 
The self-weight of the footing and the respective contact soil 
pressure balance each other without causing any footing 
sag. The design contact soil pressure caused by the design 
normal force N is given by 

p s = N IF f (X.10) 

The minimum depth of a footing is chosen so as to prevent 
punching, assuming that the punching can take place over 
the surface of a pyramid whose side faces begin at the columr 
base and make an angle of 45° with the base (Fig. X.24 a). 
The design punching force P is assumed to be equal to the 
design force iV transmitted by the column, minus the total 
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I'ig. X.24. To the punching strength analysis of axially loaded foot¬ 
ings (n) and (t>) to determining the steel area of the footing 
1— punching pyramid; 2—bottom base ot punching pyramid 

contact soil pressure p s within the base of the punching pyra¬ 
mid. If the column is of square cross section and has a side b , 
the top base area of the punching pyramid is b 2 and that 
of the bottom base is (b + 2h 0 ) 2 . So, 

P = N-p,(b + 2h o y- (X.ll) 

The condition for punching strength (for heavy-concrete 
footings) is as follows 

P<:B t enb m k 0 (X.12) 

where li len is the design tensile strength of the concrete and 
b m is the arithmetic mean of the perimeters of the top and 
bottom bases of the punching pyramid 

b m = 14 b + 4 (b + 2h 0 )\l2 = 4 (b + b 0 ) (X.13) 

Substituting P and b m given by Eqs. (X.ll) and (X.13) 
into Eq. (X.12) yields the footing depth required to prevent 
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punching 


i p.) 


(X.14) 
(X-15) 


/i 0 =-W2.1-0.5 [/«(«'.» 

//. = h„ + a 

Sometimes, the depth of a footing may bo chosen accord¬ 
ing to the depth of tiie socket h J0 c 

H, = h,„ + 200 

In height, column footings are divided into ste ^“ j 01 ,^ 
ches) 30 to 50 cm high. The height of the bottom step should 
be checked for inclined-section shear stiength 

1-1 (see Fig. X.24a) as u it 
contained no transverse rein- 
forcement. , 

After the dimensions in plan 
and the depth of the footing 
have been selected, it »s ne¬ 
cessary to determine the cross- 
sectional area of the reinfor¬ 
cing steel. For this purpose, 
the external parts of the foo¬ 
ting extending past the column 
face are regarded as can tile- 
vers of arm (a — b )(2 and width 
a, subjected to a uniformly 
distributed load p a a (F*? 1 
X. 246). . 

The bending moment at the 
face of the column is 
M = p s a ((a — 6)/2| 2 /2 

= p s a (a — b) 2 i8 (X.1G) 

The required cross-sectional 
area of the reinforcement is 
found from the condition 
M = li s F s z c 

Assuming that z c » 0.9 h 0 , 
we liave 

/’, = M/0.9Ji s h n (X.17) 
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The area fouud above gives the steel area for the bottom 
bar mat which generally consists of bars 10 to 16 mm in dia¬ 
meter and spaced 10 to 20 cm apart. 

Design of Eccentrically Loaded Footings. If they are to 
carry a relatively small overturning moment, eccentrically 
loaded footings (Fig. X.24A) may be square in plan. Other¬ 
wise, it is good practice to make them with the base extended 
in the plane of the applied overturning moment. The base 
dimensions are determined assuming that the pressure is 
distributed linearly, so that the maximum pressure exerted 
by the edge of the footing does not exceed 1.2 R s . 

As a first trial, the necessary base area is found from 
Eq. (X.8) where a coefficient of 1.2 to 1.8 is introduced to 
allow for the action of the overturning moment. The footing 
depth is chosen similarly to axially loaded footings. Then, 
the overall dimensions of the footing are specified, and the 
pressure beneath the bottom of the footing is checked using 
the expressions given below. 

For our discussion, let o C0( designate the column side in 
the plane of the overturning moment, a/ the footing side 
in the plane of the overturning moment, b cot the column side 
in the direction normal to the plane of the overturning 
moment, bf the footing side in the direction normal to the 
plane of the overturning moment, and H the depth of the 
footing. 

The moment caused by the characteristic loads at the 
bottom of the footing is 

M? = M ch + Q eh H (X.18) 

The normal force caused by the characteristic loads at 
the bottom of the footing is 

N ch = N Oh + F f y a0 H 1 (X.19) 

where Hi is the embedment depth. 

The eccentricity is 

e? = M? INf (X.20) 

If e c 0 u a,l6 (that is, the normal force is applied within 
the kern), the pressure beneath the bottom of the footing 
takes only one sign (Fig. X.24A a and i»).The pressure exerted 
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by the edge of the looting is given by 

/>“ = jV? (1 ± l><>,)/«,(>, (X.21) 

Willi the plus sign in Eq. (X.21), we have p\(f ax ; with 
the minus sign, we get Pmin- As previously staled, 

/>max < 1.2/?, 

If this condition is not met, the base dimensions should 
be refined and the analysis repealed. 

If e" h > df/Q, the normal force is applied outside the kern 
and the pressure is distributed only within a port ion of the 
base area. Within the remaining part of the base area, the 
fooling loses contact with the soil (Fig. X.24Aa and c). In 
this case, the edge pressure Pmax is determined assuming 
that the centroid of the pressure triangle coincides with 
the direction of the force N C J‘ applied eccentrically. 

The distance from the force N' h to the base edge is / = 
= (if 12 — e c 0 h . The centroid of the pressure triangle should 
be at this point, so the length of the pressure triangle is 3/. 
It is recommended that 3/^5* 0.75a/. 

The resultant of the pressure triangle, equal to 0.5/j'max 3//>y, 
should balance the force N° h . So, 

Pmax = 2N^/3b,f < 1.2/f, (X.22) 

Columns intended to carry crane loads may not be instal¬ 
led on footings having a triangular pressure diagram. To 
reduce the eccentricity, it sometimes proves expedient to 
offset the fooling from the column for a distance c. At c = e c „ , ‘, 
the footing becomes axially loaded. As a rule, c is taken as 
0.5 el h . 

To determine the cross-sectional area of the reinforcement 
in an eccentrically loaded footing, it is necessary to find 
the contact soil pressure due to the design loads M, N , 
and Q transferred by the column (without taking into con¬ 
sideration the self-weight of the foundation and the backfill 
over its steps). The design moment at the bottom of the 
fooling is M s = M + QH and the eccentricity is e 0 = MJN. 

If e 0 ^ a fid. 


Ps = N (1 ± fie 0 /a f )/a f b f 


(X.23) 
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If e 0 ■> «//0, 

p s = 2N 13b t f (X.24) 

Referring to the diagram of p s , one finds the contact soil 
pressure p'" 1 at the column face, then its mean value 

P? = (p? ax + P? l )l 2 (X .25) 

The bending moment at the face of the column in the 
plane of the overturning moment is determined as for an 
axially loaded footing 

Mi = P‘ m b f (a, - rt co i) 8 /8 (X.26) 

The bending moment Mu in the perpendicular direction 
is found from the contact soil pressure p° st without taking 
into account the overturning moment: 

Pl = Nla,b, (X.27) 

Mn = P° s o, ( b, - b col )V8 (X.28) 

After the bending moments have been determined, the 
necessary cross-sectional area of reinforcing steel for each 
direction is found from Eq. (X.17). 

X.4. Prefab Reinforced Concrete One-Storey 
Industrial Buildings 

The structural elements for one-storey skeleton-construction 
industrial buildings (Fig. X.25) include columns built 
into their footings, roof girders (such as beams, trusses, 
and arches), roof slabs, crane beams (if the building is to 
accommodate an overhead travelling crane), and (if neces¬ 
sary) skylights and air monitors. The column grid size is 
taken a multiple of 6 m, that is, 12, 18, 24, 30, or 3G m 
in the transverse direction (the span of the building), and 
6 or 12 m in the longitudinal direction (the bay of the buil¬ 
ding). When the bay is 12 m and the wall panels are 6 ra 
long, intermediate (trellis-work) columns are additionally 
installed along the sides. 

In the transverse direction, a one-storey skeleton-const¬ 
ruction building owes its spatial rigidity to transverse fra¬ 
mes made up of tho columns fixed in their footing and the 





Fig. X.25. Prefab reinforced concrete 
with overhead travelling cranes 
l _roof slab; 2 —monitor; 3 —roof beam; 4 —c 


j-storoy industrial building 
! 1 warns; S— columns; 6— braces; 


roof girders hinged to the columns (Fig. X.256). In the lopg*' 
tudinal direction, spatial rigidity is ensured by longitudinal 
frames composed of the same columns, roof girders, crane 
beams, and lateral braces (Fig. X.25c). Hinged joints be¬ 
tween the girders and columns result in higher bending mo¬ 
ments in the girders as compared with rigid joints (Fig. X. 26), 
but, as already mentioned in Sec. X.l, with hinged joints, 
the girders and columns may be standardized separately 
and can therefore be readily adapted to industrialized manu¬ 
facture. 

With spans of 12 and 18 m, roof girders are most frequently 
made in the form of prestressed (mostly pretensioned) con¬ 
crete I-beams (Fig. X.27). The concrete brand number is 
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usually M-300 to M-500. The prestressed steel A pr is either 
class A-IV to At-VI deformed bars or high-strength wire. 
The steel area is determined by normal-section strength ana¬ 
lysis. 

To prevent the compression zone of a beam from cracking 
during the transfer of the prestress, prestressed reinforce¬ 
ment (Ap r ) is sometimes added in the compression zone, too. 
The beam web is reinforced with one or two non-prestressed 
bar mats whose transverse bar area is chosen so as to ensure 
the desired inclined-section 
shear strength. Longitudinal 
cracking which might appear 
at the supports during the 
transfer of the prestress is 
prevented by additional trans¬ 
verse bars welded to an embed¬ 
ded steel part in the support 
region. The lop compressive 
flange is reinforced with a 
welded-bar mat. 

In design calculations, the 
beams are regarded as single¬ 
span beams subjected to a uniformly distributed load indu¬ 
ced by the weight of the roof, the weight of snow on the 
roof, and the self-weight of the beams. 

If a building is equipped with an overhead-track hoist 
suspended from the roof beams, the design bending moment 
and shearing force should be determined with allowance for 
the load induced by the hoist. This load is assumed to be 
concentrated at the suspension points of the hoist. The beams 
should also be analyzed for the second group of limit states, 
that is, crack width and strains. 

Reinforced concrete trusses (Fig. X.28) are used as roof 
girders for spans of 18, 24, and 30 m. The main types of 
trusses are the camel-back truss with a polygonal top chord, 
and the quadrangular truss which is used in flat roofs. 
Whatever the type of truss, the depth at the midspan is 
usually taken as 1/7 to 1/0 of their span. The top chord 
panels are designed to be 3 m long in order that all of the 
roof slab load can he transmitted directly to the joints. 
Then, the lop chord is solely in axial compression, the bot- 



Fig. X.26. Heading moment 
diagrams in the frame of a 
one-storey industrial building 
(a) rigid Joints; (b) hinged Joints 



2 3 2 



Fig. X.27. Preslressed roof beams 


reinforcement; J—longitudinal prcsUi^^'reinfireemenL 
mate; 3-lop flange wolded-bar mats;"-«nbedded n^t-1 
wolded-bar mats at support; C-welded-wirc fabric 7-1 
to embedded part at support ' 


nition of preslressed 
■J —web welded-bar 
pport; J—additional 


tom chord is in axial tension, and the web members (struts 
and diagonals) are in either axial compression or tension. 

The forces induced in the truss members by loads applied 
at the joints are determined by the methods of structural 
mechanics (either graphically, using the Maxwell diagram, 
or analytically, by the method of sections) on the assumption 
that the truss members arc connected by hinges. This is ail 
approximate approach which 
does not allow for the rigidity 
of truss joints. As compared 
with precise methods, how¬ 
ever, the error is insignificant. 

The top chords, struts, and 
diagonal members of trusses 
arc reinforced with welded- 
bar mats. The bottom chords 
may be either prelensioncd 
or posttensioned. In pretensio¬ 
ning, the preslressed reinfor¬ 
cing steel is uniformly dislribil¬ 
led over the chord cross sec¬ 
tion and embraced by stirrups. 
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Six strands consisting of 14 wires 
5 mm dio each in raceways 
Dctuil I 



7\.420]350 ri 

^Stirrups 5 mm dia at 20(lmm on centres 


l'ig. X.29. Camel-back truss with a postlcnsioncd bottom chord 
In posttensioning, the prestressed steel is placed in race¬ 
ways which, after the steel had been tensioned and anchored, 
are filled with grout applied under pressure. If they are 
to bridge spans up to 24 m, trusses are fabricated in one 
piece. Otherwise, they are assembled from half-trusses joined 
at the job by welding together embedded steel parts. 

The construction of a camel-back reinforced concrete truss 
(witli post t ensioned cable reinforcement) is shown in 
Fig. X.29. 

Roofs use ribbed reinforced concrete slabs 3 X 12 m and 
3 X (> m or 1.5 X 12 in and 1.5 li m in plan, installed 
on girders. In construction anil design, lhey arc similar to 
ribbed floor slabs (see Sec. X.2). 
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When the bay of a building is 12 m, use may be made of 
girders and slabs intended for the 6-m bay, and the neces¬ 
sary intermediate supports are provided by beams or trus¬ 
ses (Fig. X.30). 

For some time past, one-storey industrial buildings have 
been using large-size slabs 3 X 18 m and 3 X 24 m in 
plan, laid on longitudinal beams resting on columns, or 
on longitudinal bearing walls (Fig. X.31a). This reduces 
the number of members to be erected, and cuts down the 
material and labour requirements. 

In the USSR, two basic types of large-size prestressed 
concrete slabs are low-pitched ribbed slabs (Fig. X.316) 
and type KHfC barrel slabs (Fig. X.31c). 

Columns for one-storey industrial buildings (Fig. X.32) 
may be solid single-piece (rectangular in cross section) or 
open-work two-piece consisting of two side members con¬ 
nected by spacers. The width of a column, b, usually ranges 
between 40 and 60 cm. In the plane of a transverse frame 
(if a building is equipped with an overhead travelling crane) 
the column side is h t = 38 to 60 cm above the crane beam 
(to provide good support for the girder), and h b = H b l 10 
to H,J14 (where H b is the length of the column as reckoned 
from the top of the footing to the bottom of the crane beam) 
below the crane beam (to ensure the necessary rigidity). 
In solid single-piece columns, h b usually ranges between 60 
and 80 cm, and in two-piece columns, h b is from 120 to 
160 cm. The width of a side member is h s . m = 25 to 35 cm. 
The centre-to-centre distance between the spacers is s = 2 
to 3 m. 

The columns resist a normal compressive force and bend¬ 
ing moments in the plane of the transverse frame, so, they 
work in eccentrical compression. The longitudinal load- 
bearing reinforcement is distributed at the faces normal to 
the plane of flexure. 

The bending moments acting in the columns are deter¬ 
mined from the analysis of the transverse frame. If the girders 
in all frame bays are at the same level, the most suitable 
approach is the method of displacements, because the trans¬ 
verse frame lias only one unknown, namely the linear dis¬ 
placement of the lop end of the columns, irrespective 
of the number of bays. 
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The basic frame is formed by introducing a honzont. 
linear constraint preventing the top end of the c0 |^ I “ n 
from horizontal displacement (Fig. X.32A). Then, all the 
columns (struts) arc fixed at one end in the footings and 
have a hinged immovable support at the other. The reac¬ 
tions appearing in such struts under various load combi¬ 
nations, as calculated by the methods of structural me¬ 
chanics, are given in Appendix XVII. The unit displace¬ 
ment A = 1 gives rise to bending moments in the struts 
and a reaction /# A in the constraint. External loads like¬ 
wise induce bending moments in the loaded struts and a 
reaction H p in the constraint. For each load combination, 
we may set up a canonical equation equating all the rear- 
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tions in the horizontal linear 
constraint to zero, because 
real structures have no cons¬ 
traints. Let r n be the reaction 
in the constraint, induced by 
the displacement of all struts 
by A = 1. It is equal to the 
sum of the reactions in all the 
the struts of the frame due 
to the unit displacement: 

rn = Vfi 4 

When the displacement A 
takes on a certain definite 
value, the reaction in the 
constraint is r n A. Now let r lp 
be the reaction in the cons¬ 
traint, induced by all the loads 
applied to the struts. It is equ¬ 
al to the sum of the reactions 
in all the struts of the frame: 

r ip = 

Consequently, the canonical 
equation may be written as 
follows 

fjiA -1- r n = 0 


(a) 



Fig. X.32A. To the analysis of 
the transverse frame of a onc- 
slorcy industrial building 



The coefficient r u = is the same for all load com¬ 
binations. The coefficient r lp = yB p is determined for 
each load combination (taking into consideration the sign 
of B p ), and, for each load combination, the displacement 
is given by 

A = —r, p /r n 

Once A is known, the elastic reaction is calculated for 
each strut as follows 


B c , = /i A A -b B„ 
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If a given strut is unloaded, B p = 0. 

To plot the bending moment diagram, each strut is re¬ 
garded as a cantilever fixed at the footing and subjected 
to the force B el applied at its end and to external 
loads. 

When a frame is designed to carry a crane load, we have 
to take into consideration the spatial behaviour of the entire 
skeleton, because the unloaded transverse frames are enga¬ 
ged by the rigid body of the roof and assist the loaded one in 
carrying the load. For this purpose, the canonical equation 
is extended to include the spatial behaviour factor c ap = 4 
(when the centre-to-centre distance between the frames is 
6 m) or c sp — 3.4 (when the bay is 12 m): 

C sp r 11A “f" f"ip = 0 

With crane loads, A may approximately be taken as ze¬ 
ro. After an appropriate bending moment diagram has been 
plotted for each load combination, it is necessary to tabu¬ 
late the design forces at the characteristic sections of the 
columns, namely above the crane cantilever, directly below 
the cantilever, and at the top of the footing. For constant- 
section columns (those carrying no crane load), the design 
section is the bottom section. In the table, the bending mo¬ 
ment and normal force (and the shearing force for two-piece 
columns) caused by each type of load are entered for each 
design section, and the worst load combination is then 
chosen. 

The selection of the cross-sectional area of a column con¬ 
sists in determining the steel area F s and F' s at the design 
sections, using the expressions for eccentrical compression 
(see Chap. VII). If no overhead travelling cranes are instal¬ 
led, the effective length of columns (necessary to allow for 
the effect of buckling) is l 0 = 1.5 H for single-bay buildings 
and /„ = 1.2 H for buildings having two or more bays. For 
buildings with overhead travelling cranes resting on single¬ 
span crane beams, l 0 — 1.5 II b for sections below the crane 
beam, and /„ — 2.5 II t for sections above the crane beam 
(if the crane load is taken into consideration, / 0 — 2 Hi). 

For a two-piece column the first thing to do is to deter¬ 
mine the force acting in the side members. The longitudi- 
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nal compressive forco N is equally shared by the side mem¬ 
bers, whereas the total bending moment M adds load to one 
side member and unloads the other with a force M/c, where 
c is the centre-to-centre distance between the side members. 
With allowance for buckling, the moment is taken as Mr\ 
[t| is given by Eq. (VII.9)1. Thus, 

N,. m = Nl 2 ± Mt\Ic 

If Mr\lc > Nl 2, one of the side members is in tension. 

The bending moments in the side members are functions 
of the shearing force Q. They are found assuming that the 
zero points of the moment diagram lie in the middle of the 
panel s: 

M s . m = (QI2) (s/2) = Qs/A 

The necessary steel area for a side member is found as 
for eccentrical compression (or eccentrical tension) caused by 
the simultaneous action of N s . m and M s . m . 

The spacers in a two-piece column work in bending. The 
forces in a spacer are 


M, = Qsl 2 
Q e = 2 MJc = Qslc 

The columns are checked for stability across the plane of 
a transverse frame, assuming that the force N is applied 
with an accidental eccentricity. 

X.5. Buildings for Water Supply and 
Sewage Disposal Systems and Boilers 

Buildings for water supply systems include first-level, 
second-level and circulation pumping stations, and buil¬ 
dings for filters, clarifiers and water softening plants. 
Sewage disposal systems require buildings for pump and 
blower houses and sludge pumping stations. 

Plants differing in their purpose should preferably be ar¬ 
ranged in the same building. This will cut down the space 
occupied by the plants, the size of the construction site, 
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and the length of the services, and, as a consequence, redu¬ 
ce the cost and lime of construction. 

The above buildings can be erected on the surface, half- 
buried (with the floor level slightly below the grade), 
buried (with the floor level considerably below the grado), 
and underground. 

As a rule, buildings are equipped with overhead monorail 
conveyers, overhead-track hoists, or overhead travelling cra¬ 


nes to facilitate erection and attendance. 

Buildings for water supply and sewage disposal systems 
may have brickwork bearing walls and reinforced concrete 
floors. The substructure of a 

□ q building consists of heavy ma- 

_WnuLilii 11111 U 1 sonry or concrete walls. If the 

depth of a building is consi- 
iooo\\\ —ni—11 derable and the ground water 

-pis Hli)-. ft—1|| level is high, the substructure 

trosaaEpr is preferably built as a cais- 

H 1 V son (Fig- X.33). 

J In the USSU, standard ty- 

pj |] /L. \ e,e pe-dcsign buildings for water 

Mir m < supply and sewage disposal 

*—mraw 2 systems are single-bay buil- 

is £|___JkS 5 dings with a bay of 6, 9, 1A 

*—and 18 m. The height of the su- 
perstruclure (as reckoned from 
^ ~ the grade to the bottom 01 

the roof) in buildings equiP' 

' ped with overhead-track hoists 

ranges between 3.6 and 9.6 m 
at 1.2-m intervals, that in buil- 
Jy dings having overhead tra- 

Bmp-i] kA veiling cranes is 12.6 m. The 

_ itdgJMTl depth of the substructure is 

- ' -soirvk<v> r h wp if 1.2m in half-buried buildings, 

prap* : from 2.4 to 6 m at 1.2-m in- 

| tervalsin buried buildings, and 

f ' 6 Z,/hJo m { 6 m in underground buildings. 

* s ' The siinersl.rnr.f.iii-p is similar 


l'i 2 . x.:o. Pumping Si.iion ijj j" *»!«■> to single-storey 
a sewage disposal system industrial buildings (sec Sec. 
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Fig. X.34. Standard G-m bay surface-type and half-buried buildings 
for water supply and sewage disposal systems 


X.4). ll is assembled from type-design prefab reinforced 
concrete columns, beams, roof slabs, and wall panels. The 
substructure is made of prefab reinforced concrete panels 
used in rectangular tanks and water treatment structures 
(see Sec. XI.4). If a building 
extends below the ground water 

level, the bottom of the buil- ~ r li_ l... 

ding and, sometimes, the entire . ~ o § ' 

substructure is made of in- I S|S 
situ reinforced concrete. ■o §>' § 

The superstructure of a bu- fl ? £ 
ilding having a bay of 6 m con- 5^ 

sists of exterior (usually brick- "-pii 9000,12000,18000 
work) bearing walls carrying ... , ... 

reinforced concrelc tool slabs toy IoJ“« "o‘J 

3 X o m or 1.5 X b m in supply and sewage disposal 
size (Fig. X.34). When the systems 
bay of a building is 9, 12, or 

18 ra, the superstructure is of the skeleton construction: 
columns spaced 6 m apart give support to single-span roof 
beams which, in turn, carry roof slabs 3 X 6 m or 1.5 X 
X 6 m in size. Wall panels are installed outside the columns 
and overhead-track hoists are mounted on the roof beams 
(Fig. X.35). 

Buildings for pumping stations having a hay of 18 m 
and equipped with overhead travelling cranes use two-piece 
columns. 


concrete root sians 18 : IU bay buil(Ungs for w atcr 
or 1.5 X b m in supply and sewage disposal 
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Substructure walls are made of prefabricated reinforced 
concrete panels with a nominal length (along a building) of 
3 m and a height corresponding to the depth of the substruc¬ 
ture, namely 2.4, 3.6, 4.8, or 6 m. The panels are installed 
in a longitudinal groove provided in a precastreinforced con¬ 
crete footing, and the gaps are filled with ^-situ <concrete 
using fine gravel as the aggregate. Owing to this, the panej s 

are safely fixed m the foot¬ 
ing and can resist lateral 
earth pressure, working as 
cantilevers (Fig. A.db). ra 
nets 2.4 m high are 15 cm 
thick, anti panels i. h, 4.», 
and 6 m high have ajam- 
ble thickness of 20, 28, and 
Fig. X.36. Substructure of a buil- 36 cm respectively 
ding protected by precast panels bottom and 14 cm a 
top*. , 

The construction of stan¬ 
dard buried buildings in¬ 
tended for localities free from ground water are shown m 
Fig. X.37 a and b. . . 

The columns supporting the roof are installed in ^ einI . " 
ced concrete sockets provided in the gaps of the strip footing 
carrying the wall panels (Fig. X.37, Detail A). A gap 
50 mm is left between the wall panels and the columns t 
prevent the columns from resisting earth pressure. The bea¬ 
ring walls of the superstructure rest on the substructure pa¬ 
nels. 

If the ground water level is within the substructure of a 
building, the bottom should preferably be made as a pre¬ 
cast reinforced concrete slab with a groove for wall panels 
(Fig. X.38a and b). With a considerable ground water up¬ 
thrust (2 to 3 m), the entire substructure (bottom and walls) 
of buildings having a bay of 12 and 18 m is fabricated as an 
in-situ reinforced concrete box (Fig. X.38c). 

If the site is free from ground water, the outer surface of 
the substructure walls is water-proofed by hot bitumen. In 


.—Joint between panels: welded stick- 
outs, concreting in-sltu: 2—key Joint 
filled with grout applied under pressure 


* In inoro detail, the construction of these panels is discussed 
in Sec. XI.4. 




Fig. X.37. Buried buildings on u silo free from ground water 
(a) 0- lo 18-m hay buildings; (6) U-in bay building; I—substructure wall panels' 
2— column; reinforced concrete strip footing; 4— column footing; j—main ton 
ancc platform assembled from precast slabs 


10-014 
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the presence of ground water, water proofing is (lone with 
pasted materials up to an elevation at least 0.5 ni above the 
maximum ground water level. On the side surfaces, the pa¬ 
sted insulation is protected by a brick wall half a brick thick. 

Buildings for underground pumping stations have a bay 
of (3 m and a depth of 6 m. Physically, they are assembled in 
the same way: wall panels 6 m (5.4 m) high are installed in 
the grooves of a strip fooling or, if there is ground water on 
the site, in the grooves of an in-situ bottom slab (Fig. 
X.39). Roof slabs are laid directly on the wall panels. Trans¬ 
verse steel beams carrying an overhead monorail conveyer 
are fastened to flanges welded to the embedded parts of the 
wall panels. 

The superstructure of buildings for water supply and sewa¬ 
ge disposal systems is designed as prescribed in Sec. X.4. 

The substructure walls of a building resist a horizontal 
load due to the lateral earth pressure p L , and a horizontal lo¬ 
ad pi due to a live load applied at the earth surface. In the 
presence of ground water, they also have to carry the load 
due to the water pressure p w (Fig. X.40). IIow to determine 
these loads is discussed in Sec. XI.3. 
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Fig. («) Underground pumping station on u site free from ground 
wafer and ( l>) underground pumping station in the presence of ground 
water 

I—rout panels; 2 —wall panels; a—strip footings; 4 —reinforced concrete bottom 
resistin',' ground water upthrust; .5—brick wall; 6— warmth-keeping Jacket: 
j— waler-jiroofing: *—transverse steel beams; 9—overhead-track hoist; lo — 
water-proofing; //—concrete layer; J 2 — protective wall 



Fig. X.40. Horizontal loads imposed on a substructure 
(n) without ground water; (M with ground water 
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bending moments in wall panels are found as in a vertical 
cantilever 1 m wide fixed in the footing. From tlie moments 
thus calculated, one determines the cross-sectional area ot 
the vertical tensile reinforce¬ 



ment near the outer face of the 
panel. If the wall panels are 
subjected to a vertical load ca¬ 
used by lliosu pcrstructure wall, 
they resist the simultaneous 
action of the bending moment 
and the normal force. In this 
case, the steel area required 
at each face of the panel is de¬ 
termined as for eccentrical 
compression (sec Sec. VII.2). 

The footing of the wall 
panels is loaded eccentrically. 
It carries the resultant E of 
the lateral earth pressure, the 


Fig. X.41. Loads imposed on J ° ad due , l ° Ihe. weight of 
n strip footing in buried bail- the wall panels and the Structu- 

dings res resting on them, the load 

Qj due to the self-weight of the 
footing, and the load Q„ due to the weight of the backfill 
over its steps (Fig. X.41). 

The fooling is usually extended outside the building in 


order that the force Q s can pro- 

ducc a moment opposite to the ” 

moments due to the forces E, around 

N, and Q f . Because of this, the | n water level 

pressure beneath the bottom w T- 1 wr 

of the footing is distributed 

more uniformly. —* " 

In the presence of ground i 

water (Fig. X.42), the bottom Pu P . 

has to resist the water up- ,, ... . , 

thrust. The water upthrust per si# lanci to floating-up ° r 
unit area of the bottom is 

Pup = V& w * iere V is ^ 1C density of water and II is the 
distance from the bottom to the maximum ground water 
level with allowance for seasonal variations. 
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Because y = 1, the water upthrust is numerically equal 
to H. The bottom slab should be designed for bending cau¬ 
sed by the water upthrust p uP , and the building as a whole 
should be chocked for resis¬ 
tance to floating-up subject to _£L 

G'< P 

where G is the weight of the 
building multiplied by 0.9, 
and P is the resultant of the 
water upthrust taken with the 
overload factor 1.1 applied: 

P = 1.1 Pup F, 

Here, F f is the bottom slab 
area. 

In calculating the weight of 
the building that will resist 
floating-up, only those mem¬ 
bers may be taken into conside¬ 
ration which will be erected 
with the ground water level | 
lowered for the duration of con- a 
struclion. In view of this, the 
bottom slab is made appre¬ 
ciably thick. 

Buildings for boilers are as¬ 
sembled from type-design pre¬ 
fabricated reinforced conc¬ 
rete elements similar to those {['us*'* 3 ’ Layoul of 0 boilcr 
used in one-storey industri- , 

...... , o v /\ /— inaiiitonajicy plaKurms; 2 — co- 

Al buildings (see oec. A. 4). luinns supporting maintenance plat- 
Tlie bay of such buildings ran- forms 
ges between 12 and 24 m, and 

the height, between 6 and 14.4 m. Access to the boilers for 
servicing is from built-in footwalks. Figure X.43 shows the 
layoul of a building for Soviet-made type flKBP-20-13 
boilers. 


Plan at H00-m elevation 










CHAPTER ELEVEN 


SPECIAL STRUCTURES FOR WATER SUPPLY 
AND SEWAGE DISPOSAL SYSTEMS 


XI.l. General 

Water supply and sewage disposal projects incorporate va¬ 
rious reservoirs for transportation, storage, and treatment 
of waste water and other liquid effluents. These structures 
are usually made of reinforced concrete. 

Tanks may be cylindrical or prismatic (that is, circular or 
rectangular in plan), buried or installed on the ground sur¬ 
face, and covered or open-top, with flat or conical floors. 

The shape and size of a tank depend on the purpose it is 
to serve. When only capacity is critical (as in the case of a 
water lank), the shape and size are chosen from several de¬ 
sign alternatives on the basis of technical and economic ad¬ 
vantages. 

When choosing the shape of a tank, it should be remembered 
that the perimeter of the walls of a circular tank is smaller 
than that of a rectangular tank of the same capacity, and 
that the pressure of the water the tanks contain causes the 
cylindrical walls to work in axial tension and the flat walls 
in bending (or eccentrical tension). Because of this, steel 
water tanks are always circular with walls of thin sheets. 
For reinforced concrete structures, circular shape is likewi¬ 
se preferable because the walls are easier to prestress (by ten¬ 
sioning ring or hoop reinforcement). This improves their 
cracking resistance and cuts down concrete and steel consump¬ 
tion (because the walls are thinner and high-strength reinfor¬ 
cing steel is used). 

In the walls of circular tanks, the tensile forces are direct¬ 
ly proportional to the diameter, therefore the wall thick¬ 
ness and steel area should be increased with increasing dia¬ 
meter, even if the depth of a tank remains the same. 



In rectangular tanks, the bending moments in the walls 
only depend on the depth, so tanks of different dimensions 
in plan may be built with the same wall thickness and load- 
bearing steel area. 

Experience has shown that for a capacity of two to three 
thousand cubic metres circular tanks are more economical 
than rectangular tanks, whereas for capacities of five to six 
thousand cubic metres, the latter are preferable. If the capa¬ 
city of a tank is relatively small, rectangular tanks may 
sometimes prove more economical than their circular counter¬ 
parts. For example, rectangular settling tanks to be installed 
in buildings for water treatment stations are preferable, be¬ 
cause they will occupy less space than circular tanks, and 
the size of the building may, therefore, be reduced. A compact 
arrangement of structures is always more attractive econo¬ 
mically as it helps to reduce the site size and to cut down the 
cost of fencing, services, etc. 

The technical and economic particulars of buried struc¬ 
tures for water supply and sewage disposal systems largely 
depend on their depth: deeper tanks have to withstand a 
greater water pressure exerted on the walls, call for deeper 
pipelines, and are more difficult to erect. If the depth of a 
buried structure is not specified in advance to suit process 
requirements, it is usually taken as 4.8 m, or 3.6 m if the 
lank capacity is small. 

Reinforced concrete tanks may be of in-silu, precast, or 
precast/in-silu construction. In precast/in-situ tanks, the 
floors may be cast in-situ and the walls and roof may be as¬ 
sembled from prefabricated members; also, precast roofs may 
be installed on in-situ walls. Prefab members cut down la¬ 
bour requirements, material consumption, and construction 
time. 

In Soviet practice, tanks and similar structures are exten¬ 
sively standardized in terms of both construction types and 
member sizes. The prefab members come in complete kits 
which can be combined with those for industrial buildings 
and used in the erection of any structures for water supply 
and waste disposal systems. 

To meet watertightness requirements, the walls and roofs 
of reinforced concrete tanks are made of dense heavy con¬ 
crete. The concrete brands in terms of compressive strength 
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are al least M-200, in terms of walertightness B4 lo B8 
and in terms of frost resistance M pa 100 Lo Mpn 150. In the 
joints between precast members, it is advisable to use 
concrete with expanding cement as the binder. 

For a better water tightness, the inner surface of tanks is 
given a coat of cement plaster, shotcrele, or ethynol lacquer 
or other polymer compounds. If the liquid contained with¬ 
in a tank is likely to attack concrete (for example, acid or 
slightly acid waters), the concrete is protected with water 
glass, epoxy-resin-based polymer compounds, and the like. 
In the absence of ground water, buried tanks erected in drain¬ 
ing soils are waterproofed by two layers of bitumen putty 
applied from the outside. In some aeration and settling tanks, 
a layer of asphalt is applied or two layers of roll insulation 
are pasted with bitumen putty between the concrete base¬ 
plate and the reinforced concrete bottom. I f the ground water 
level is higher than the tank floor, the bottom should be 
given a coat of at least three layers of pasted insulation, 
and at least two layers of pasted insulation should be in¬ 
stalled on the walls to a height not less than 0.5 m above the 
maximum ground water level. Vertical insulalion is prote¬ 
cted by a hold-down brick wall half a brick thick. Above 
tho pasted insulation, the walls are given a coat of bitumen 
putty. 

All metal structures and ombodded steel parts and fas¬ 
teners aro protected against corrosion with I’VC lacquer, 
a mixture of ethynol lacquer and asbestos, or coal-tar var¬ 
nish. The parts difficult of access for renewal of paintwork 
should be galvanized. In covered structures, reinforced con¬ 
crete roof members should be painted too, because they arc 
exposed lo an elevated humidity. 

When choosing a site, it should be remembered that tanks 
cannot bo erected on settlement soils which arc rather sen¬ 
sitive lo water. Also, tanks should be set up above the gro¬ 
und water level, because otherwise, it would be necessary 
lo lower the ground water level during construction, to in¬ 
stall a heavier floor to resist water pressure from beneath, 
lo use pasted multi-layer insulation, and to lake measures 
to provent tanks from floaling-up. To cope with the last- 
mentioned problem, the amount of backfill over the roof 
would have lo be increased, which would call for a heavier 
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roof, or an additional layer of concrete would have to be laid 
on the floor. Furthermore, open-top structures would have 
to he filled with water during high ground-water periods, 
which might interfere with their normal service. 

XI.2. Construction Types of Circular Reinforced 
Concrete Tanks 

Circular tanks include water tanks, various settling tanks, 
clarification tanks, methane tanks, aeration filters, and so 
on. 

Water Tanks. These are intended as regulating or stand-by 
reservoirs in the water supply systems of populated areas or 
industrial projects. As a rule, water tanks are of the buried 
covered construction with a flat floor. For heat insulation, 
the backfill over a tank roof is chosen 0.5 to 1 m deep, depen¬ 
ding on the expected temperature in winter. Sometimes, 
more effective cellular concrete or ceramsite is used as heat 
insulation. Tanks installed on water lowers or floors in buil¬ 
ding arc usually of the open-top construction*. 

In the Soviet Union, water tanks are built in the follow¬ 
ing standard capacities, diameters, and heights. 

Capacity, in* 50 100 150 250 500 1 000 2 000 3000 0 000 

Diameter, m 4.5 6.5 8 10 12 18 24 30 42 

Height, in 3.6 3.6 3.6 3.6 4.8 4.8 4.8 4.8 4.8 

As a rule, the floors of water tanks arc cast in-situ and the 

walls and roofs are assembled from prefabricated members. 
If the capacity of a tank does not exceed 2 000 m 3 . the entire 
structure may be cast in-situ. In this case, the walls are pre¬ 
stressed by tensioning the hoop reinforcement wrapped aro¬ 
und the lank. If the tank capacity is below 500 m*, the walls 
may be left non-prestressed. 

The in-situ roofs of buried tanks are usually of the flat-slab 
construction. They vest on walls and columns having capi¬ 
tals (Fig. XI.l). The flat-slab roof is made rather thin, and 
its underside is made smooth lo improve ventilation above 
the water surface. 

* Such tanks may have a light roof which does nut affect their 
design layout. 
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The precast walls of circular tanks consist of prefabrica¬ 
ted panels of a length equal to the tank height. The panels 
are vertically installed in a slot provided in the in-situ 
floor, and the joints between the panels are grouted. After 
the grout has attained an adequate strength, the wall is 
compressed by prestressed reinforcement wrapped around 
the tank. After the steel has been tensioned, it is sholcreted 



Fig. XI. 1. Circular in-situ rein- Fig. XI.2. Preslressed wall ol 

forced concrete buried tank a precast circular lank 

with a flat-slab roof i —prestressed hoop r**infornCHM-iU: 

S —wall panel: .5—floor; •/—siioicnu 

for protection (Fig. XJ.2). The internal columns supporting 
the roof are installed on a footing slab laid on the floor por¬ 
tion having an increased thickness. 

Precast roofs are generally of the slab and girder constru¬ 
ction. Here, the columns carry girders which, in turn, give 
support to ribbed slabs (Fig. XI.3a). Precast roofs may also 
be assembled from rectangular rib-rimmed slabs laid direct¬ 
ly on columns (Fig. XI.3b), or from trapezoidal ribbed slabs 

installed on ring beams supported on columns (Fig. XI.3c)- 

In Soviet practice, the wall panels for precast water tanks 
shown in Fig. XI A are chosen from specialized kits of parts 
for water supply and sewage disposal structures, whereas 
the columns, girders, and roof slabs, from kits of standardi¬ 
zed members for multistorey industrial buildings. 
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Vertical Settling Tanks. These arc open-top circular 
tanks with a conical floor (Fig. XI.5). The clarified water 
is withdrawn by an upper circular launder. A gangway is 
provided above the settling tank. The conical floor of verti¬ 
cal settlers is cast in-situ, and the circular wall is either 



assembled from prefab members or cast in-silu without pr°" 
stressing, because standardized tanks have a relatively 
small capacity with a diameter of 4 to 9 in and a height of 
the cylindrical section of 3.6 and 4.2 m. 

A similar construction applies to hiocoagulators, contact 
tanks, and silt pits. 

Radial Settling Tanks. Radial settlers arc open-top cir¬ 
cular tanks of large diameter and low height. As a rule, they 
have in-silu floors slightly sloping toward the centre. The 
walls may cither he cast in-silu or assembled from prefabri- 
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cated members. The clarifiod water is withdrawn by a cir¬ 
cular launder. Standardized circular settlers (Fig. XI.6) 
arc from 18 to 42 m in diameter and have a height of 3, 
3.6, and 4.2 m. If the height is 3.6 or 4.2 m, the walls should 
he prestressed. 

A similar construction applies to thickeners. 

Clarification Tanks. In construction, clarification tanks 
are similar to vertical settling tanks, except that they have 




I —prefab exterior wall panels; 2— 
prefab interior wall panels; 3— 
prestressed lump reinforcement 


I'ig. XI.8. Circular aeration 
filler assembled from prefab 
members 


an additional internal cylindrical chamber resting on sui¬ 
table posts and having a conical floor (Fig. XI.7). The ne¬ 
cessary standardized dimensions are shown in the figure. 

Circular Aeration Filters. These have an in-situ flat floor 
with a pit at the centre, precast walls, and an additional 
perforated floor (Fig. XI.8). Stnndard aeration filters ran- 
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go between ti and 30 in in diameter and have a height of 3 
or 4.8 m. The perforated floor is assembled from standard 
bars laid on precast beams. 

Methane Tanks. These are covered circular tanks having 
a conical roof. The capacity of methane tanks may reach five 
thousand cubic metres. Up to now, they have been built of 
in-situ reinforced concrete. Preslressing makes it possible 
to erect methane tanks from prefabricated members. 

The in-situ walls of circular tanks are reinforced with wel- 
ded-wire fabric placed in two layers. To facilitate concreting, 
the walls are chosen to be at least 15 cm thick. The joint 
between the wall and floor has an arch brace to improve the 
bond. For all types of tanks, 
the thickness of the in-situ 
floor is taken as not less than 
12 cm for dry soils and not 
less than 16 cm for wet soils. 

As previously noted, precast 
walls are assembled from pa¬ 
nels vertically installed in a 
floor slot whoso depth should 
be at least half as large again 
as the panel thickness. 

The panel height is equal to 
the height of the structure. For 
standardized water supply and sewage disposal structures, 
it ranges between 3 and 4.8 m at 0.6-m intervals. The pa¬ 
nel width is taken as a multiple of n = 3.14 so that an inte¬ 
ger number of panels may be used to make up a wall: b = 
= nl 2 = 1.57 m or b = 3ji/ 4 = 2.35 m. The panel thickness 
8 is determined by an incipient-cracking analysis. Standard- 
size panels are 12, 14, and 16 cm thick. 

In their horizontal cross section, the panels may be curvi¬ 
linear (such as shell-type panels, Fig. XI.Da) or have a cur¬ 
vilinear outer surface and a flat inner surface (such as flat- 
convex panels, Fig. XI.98). Shell-type panels require less 
concrete than their flat-convex counterparts (especially 
with small tank diameters), but are more difficult to manu¬ 
facture. 

The radius of standard shell-type panels is 3.6 and 9 m. 
Such panels are used in tanks up to 18 m in diameter, and 


fa) 



# 


Fig. XI.9. Horizontal cross sec¬ 
tion of prefab wall panels in 
circular tanks 
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(O) 


Fig. XI. 10. prefab wall panels of standard circular tanks 

(a) general view: (6) distribution of reinforcement; I—shell-type panels; !— 

flat-convex panels 

flat-convex panels whose radius on the curvilinear side is 
20 m are intended for tanks from 24 to 42 m in diameter. 

The vertical side faces of wall panels have triangular slots. 
After the joint between two panels has been grouted under 
pressure, a rhombic key is formed at the joint, which is 
compressed when the hoop steel is tensioned. The construc¬ 
tion of wall panels is shown in Fig. XI.10. 

Wall panels are equipped with embedded steel parts for 
attachment of circular overflow launders (Fig. XI.ll) and 
roof members (Fig. XI.4, Detail 1). 

The precast wall panels may be connected to the floor 
rigidly so as to prevent the wall from radial displacement in 
the circular slot (Fig. XI.12a), or they may be hinged (Fig. 
XI.12ft). In the former case, the gap between the panels and 
the floor is filled with concrete using fine broken stone as the 
aggregate; in the latter case, the gap is filled with cold as¬ 
phalt putty which can deform during wall displacement with¬ 
out affecting the watortightness of the joint. Rigid joints 
are generally made in water tanks, and hinged joints, in 
sewage-disposal settlers, clarification tanks, and the like. 

During Ihc erection and alignment of the wall panels 
that are to be rigidly connected to the floor, the gap be- 
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ween the panels and the slot faces is temporarily filled with 
clean dry sand. This keeps dirt out of the gap and enables 
the wall to move in the radial 
direction when the hoop rein- 
1 i forcement is tensioned. Because 

of this, no bending moments 
appear in the wall in the ver¬ 
tical plane during the transfer 
of the prestress. After the steel 
has been tensioned, the sand 
is blown out and the gap is 
filled with concrete. 

The hoop reinforcement from 
high-strength wire is ten¬ 
sioned on the walls by wrappers 
(Fig. XI.13). 

The bar reinforcement is 
usually tensioned by electrical 
heating. The hoop bar is assem¬ 
bled from submulliple lengths; 
to the end of each portion are 
welded short bars: one screw- 
threaded, and the other plain- 
welded to an anchor stop. At 
the latter, the bars are joined 
together by nuts (Fig. XI.14). 
After the steel ring has been in¬ 
stalled in the design position, 
the nuts are lightened to take 
up the slack of the bars, and 
electrical heal isapplied. When 
heated, the bars elongate, 
and gaps appear between the 
nuts and stops. The nuts are 
then screwed as far as they 
will go to fix this elongation. 
As the bars cool, the reinforcing ring shortens, the tank wall 
is compressed, and the reinforcement remains in tension. 

There also exist other methods of tensioning the reinfor¬ 
cement of circular tank walls, namely by jacks with the bars 
guyed up from the concrete surface to reduce friction, 



l—wall panel; 2 —prefab mi 
of a launder; 3 —embedded 
parts; *—support inn table; s— 
der reinforcement stick-outs 
welded during erection; 6 —i 
concrete using fine broken stc 
aggregate 
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Fig. XI. 13. High-strength wire tensionod by a wrapper 


17—01* 
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Fig. XI. 14. I’reslivsscd bars It'iisioncri by electrical heat 
(a) distribution of reinforcement over cylindrical wall; (6) reinforcing member; 
(c) anchor stop; J— wall; 2—prestressed reinforcing bar; 3— anchor stop; 
large-diameter short bar; J—screw-threaded large-diameter short bar; 0 —tie 
bolt; 7— stop plate 


and by slipping the reinforcement down the conical surface 
of the wall. 

If the capacity of a tank is small, the reinforcing steel 
may be tensioned mechanically (Fig. XI.15). Here, a rein¬ 
forcement hoop is made up of several bars having threaded 
short bars welded to their ends. The bars are joined together 
at vertical metal posts and tensioned by nuts screwed with 
torquo wrenches or by jacks. The reinforcing steel is tensio¬ 
ned after the grout in the vertical joints has attained at 
least 70% of its design strength. 
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The distance between the prestressed hoops may vary 
from 15 or 20 cm to 10 mm (for wire reinforcement). 

After the hoop reinforcement has been prestressed, it is 
given several coats of shot- 
crctc to protect it against 
corrosion, so that the con¬ 
crete cover is at least 25 
mm. The first layer of shot- 
crete is applied immedia¬ 
tely after tensioning, and 
all the other layers, when 
the lank has been filled 
with water, so that no cra¬ 
cking occurs in the shol- 
cretc when the tank is refil¬ 
led. The inner surface of the 
tank is plastered or shotcre- 
ted prior to tensioning the 
reinforcement so as to com¬ 
pact the plaster to the wall 
panels. 

The cracking resistance of 
the floor can he increased 
by applying prestressed ring 
reinforcement. In the joint 
of Fig. XI.16, the floor is 
compressed by the bottom turns of the circular wall rein¬ 
forcement. Such joints are used in tanks intended for 
fuel oil and petroleum products. The gap between the 
floor and the supporting concrete layer is filled with sand 
to reduce friction during the transfer of the prestress. In 
addition, two layers of asphalt sheathing paper are laid over 
(he sand bed to prevent lailance leakage when concreting 
the in-silu floor. 

With progress in technology and experience, prefabricated 
reinforced concrete members for buildings and engineering 
structures are continually improved. In a new Soviet type- 
design series for water supply and sewage disposal structures, 
shell-type wall panels are recommended for circular tanks 
having a diameter D of 4.5 to 9 m (the radius of the curvili¬ 
near surface is /? = 3 m). In larger tanks, use is made of flat- 



Fig. XI.15. Hoop reinforcement 
tensioned mechanically 
1 —prestressed hoop reinforcement; 2 — 
xrew-threaded short bar welded to the 
hoop; 3 —inctal post; 4 —nut 
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convex panels with 1{ = 7.5 m (for a tank diameter of 9 to 
18 m) and li = 15 m (for a tank diameter of 24 to 50 m). 

The panel width is 1.5 m (for 18 m) and 2 m (for 
D> 18 m). At the joints, the panels are welded together 
via embedded parts and the 
joints are filled with an M-300 
mixture of cement grout and 
sand applied under pressure. 
Shell-type panels are rigidly 
connected to one another, and 
flat-convex panels have mo¬ 
vable joints using asphalt or 
Thiokol sealing compound. 



Fig. XI. 10. Floor compressed by 
I he preslrvsscd rciiiforconu'iil of 
a wall 

J—wall panel: [2 —prestressed hoop 
reinforcement: a—prefab floor mem¬ 
ber, i —In-silu floor; 4—asphalt 
shcathinR paper; c, — sand; 7 —con- 

The characteristic pressure 
level is 


XI.3. Design of Circular Tanks 

The liquid contained in a tank 
exerts a hydrostatic pressure 
on the tank walls, which in¬ 
creases linearly with depth 
(Fig. XI.17a). . 

at the depth h. below the liquid 

= yh (XI.1) 


where y is the unit weight of the liquid. 

The overload factor for the hydrostatic pressure is n 
= 1.1, so the design pressure is 


p = 1.1 yh 


For water, y =* 1, so 

p = 1 Ah 


(XI.2) 


The internal uniformly distributed pressure causes the 
wall to work in axial tension. The circular tensile force T 0 
acting in the wall can be determined considering a half-ring 
of radius r in the state of equilibrium (Fig. XI.17b). The 
resultant of the hydrostatic pressure p x 2r counterbalances 
the force in the wall 27’ 0 , whence 

To = pr = 1.1 hr 


(XI.3) 
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Thus, for a wall separated from the floor, the circular ten¬ 
sile force T 0 increases linearly with increasing hydrostatic 


pressure. The radial deflection 
circular force (Fig. XI.18a). 
When the wall is rigidly con¬ 
nected to the floor, the radial 
deflectionsin thearea adjoining 
the floor are restrained and are 
practically zero at floor level 
because of negligibly small 
in-plane deformability of the 
floor. As a result, the wall 
bends (Fig. XI.186) and gives 
rise to a bending moment M 
acting along the generatrix (in 
the plane of the meridional 
cross section), [and to a shear¬ 
ing force Q. The moment M 
and the force Q are a maximum 
at floor level and rapidly de¬ 
crease towards the top. 

The circular tensile force dia¬ 
gram is similar to the hydro¬ 
static pressure diagram, that 
is, triangular in shape, star¬ 
ting from zero at the top and 
reaching a maximum at the 
floor. If the joint between the 


the wall rises with rising 



Fig. XI. 17. To determining cir¬ 
cular tensile forces iu a cylind¬ 
rical wall 


wall and floor is rigid, the 


circular force diagram is a curve having zero points at the 


top and bottom (Fig. XI.186). 



Fig. XI. 18. Defied ions and forces in llie walls of open-lop circular 
lanks, induced by internal hydrostatic pressure 
f—initial state; 2 —deformed state 
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The wall is an axisymmetric Ihin shell. A strip of widlh 
b = i cut from the shell may be regarded as a beam fixed at 
the bottom and supported along the entire length by elastic 
forces which are the radial components of the circular forces 
. T (Fig. XI.19). The sag of 

v this beam is proportional to the 

P clastic reaction, so for design 

jr~:zl 7 . a purposes, it may be regarded 

H p as a beam on an elastic foun- 

1 / — dation characterized by a 

jj gp, ^ modulus of subgrade reac- 

TS T lion. 

Design expressions are ob- 
YI la iin. tained by solving the differen- 

a«IMr“«l «,ll tial equation describing the 

bending ol l lie beam on an elas¬ 
tic foundation subject to appropriate boundary conditions. 
At any section within the distance x of the floor, the circu¬ 
lar tensile force T is given by 

T = T 0 - p max r hi + il 2 (1 — ( XL4) 

where T 0 is the circular force at the section in question de¬ 
duced from Eq. (XI.3), that is, as for a wall separated from 
the floor; r is the tank radius; l is the wall height; />max ,s 
the hydrostatic pressure at the wall bottom; s is the chara¬ 
cteristic of wall rigidity: 

s —0.76 j/rfi (XI-5) 

6 is the wall thickness; and q, and t | 2 are the coefficients for 
the design of beams on an elastic foundation: 

Th = exp ( — <p) cos cp, iia = exp ( — (p) sin <p 

looked up in Table XI.1 depending on the factor <p = x/s 
(where x is the distance from the wall bottom to the section 
in question). 

To a first approximation, the wall thickness may be taken 


6 « 0.5 r/> 12 to 15 cm 
Here, if r and / are in metres, 6 is in centimetres. 



Ihe bending moment in the wall is a maximum at floor 
level 

M = 0.5 (1 - s/l) (XU) 

When the joint between the floor and wall is movable (the 
circular slot is filled with asphalt putty), the wall is pre- 

Table XI. 1. Coefficients tj, and tj. 



•Hi —0.028 3 —0.012 —0.002 4 0.002 0.002 4 0.0007 


% 0.0106 0.013 9 0.0109 —0.006 5 — 0.00071 —0.0006 


vented from radial deflection by the frictional force Q/ r 
acting at the bottom of the wall 

Qfr = Nf (XI.8) 

where N is the normal force in kgf in -1 (N m -1 ), and / is the 
coefficient of friction taken as 0.5. 

In open-top tanks, the frictional force owes its existence 
solely to the weight of the wall, whereas in covered structu- 
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re3, it is also contributed by the weight of the roof with tho 
backfill over the top (the load is taken from an appropriate 
load strip). The frictional force is calculated for two design 
cases: (1) without backfill (a hydrostatic test of tho tank), and 
(2) with backfill (service conditions). 

The circular tensile forces in the wall arc given by 

T = T 0 - 2rQ lr t\ l ls (XU) 

If Eq. (XI.8) yields 

Qfr > Pmnx s/2 

then the frictional force in Eq. (XI.9) should be taken as* 
Qfr = Pm^sl2 (XI.10) 

The maximum moment induced by Qi r is determined as 
M = QfrSt]i (XI.U) 

It is applied at a distance 

* = 0.6/r6 (XI.12) 

from the floor. .. 

In low-capacity tanks (up to 100 m 3 ), the circular tensile 
forces in the wall may be determined without taking into 
consideration the connection between the wall and floor 
[see Eq. (XI.3)1. 

The design expressions for circular tensile forces and bend¬ 
ing moments induced in a circular wall by the internal 
hydrostatic pressure describe the state of stress in service 
for tanks installed on the ground surface, and during a hydro¬ 
static test (in the absence of backfill) for buried tanks. 

The backfill gives rise to circular compressive forces 
in a tank wall. As a rule, they are not taken into account 
in design calculations because they act against the circular 
tensile forces in a tank filled with liquid, and are taken 
up by the concrete wall in an empty tank. 

To allow for the effect of the backfill (in an evacuated 
tank), we determine the respective bending moment in 

* This is because for Q fr = p m n X s /2 at the floor level, Eq. (XI.9) 
yields T - 0. If O fr were*groalcr than 'p mnx s/2, the force T fwould 
change the sign (compression would take place instead or tension), 
which is unfeasible physically. 




Fig. XI.20. Earth pressure cxorlcd on a buried structure 

a meridional plane and choose the cross-sectional area of 
vertical reinforcement necessary to resist this moment. Like 
the water pressure, the lateral earth pressure increases 
with increasing depth linearly. The design pressure at the 
depth h below the ground surface is 

Pnr th = V..M |M» (Xl.13) 

where y carth is the bulk unit weight of the soil, n is the 
overload factor (n=1.2 for backfill), and k is the coefficient 
accounting for soil cohesion 

k = tg 2 (45° - <p/2) (XI.14) 

(<p is the angle of internal friction). 

The live load at the ground surface Piio«(Puoe = 1 to 2.5 tf 
m~ 2 or 10 to 25 kN m -2 )is replaced by an equivalent soil layer 
of depth h lioe = Pu ve ly earth- If. with allowance for h livc , 
we designate the distance from the ground surface to the 
top and bottom of the wall as hy and ft 2 , respectively 
(Fig. XI.20a), then the lateral earth pressure at the top 
of the wall will be given by 

Pcarthl = year th^M 
and at the bottom of the wall by 

PearthZ = Vearlft^2^ n 

If the wall is rigidly connected to the floor, the maximum 
bending moment induced by this load is 
Mearth = 0.5p earm S* [1 - (1 - Pearthjpearthz) *11) (XI. 15) 
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If the bottom of a tank lies below the ground water level 
(Fig. XI.20 b), the lateral earth pressure is the sum of the 
pressure p 0 exerted by the soil layer of depth //, (f ron , 
the ground surface to the ground water level), the pres¬ 
sure p susp due to the soil particles suspended in water (within 
the depth //.,), and the water pressure p w : 

Po = Y cart )Jh n k (Xi.16) 

Psusp — Y suspH i nfc (XI .17) 

where y SUSJ , is the bulk unit weight of soil suspended in 
water 

Y susp = (Ymi-ia — Yu.) (! — m ) 

Here, y earth is the bulk unit weight of the soil particles, 
Yuj = 1 is the unit weight of water, and in is the soil porosity 
in fractions of unity; 

p w = y w nll 2 = l.l// 2 tf m - 2 (11//.. k.M in" 2 ) (XI.18) 

Peart hi = Po + Psusp + Pw (XI.19) 

The values of y earth, and ( P arc determined during 

the geological survey of the site. For sands, wc may ap¬ 
proximately adopt yearth = 1.8 t m -3 , Ysusp — 1-1 1 m ’ 
(at y'earth = 2.7 t ra' 3 and m = 0.35), and <p = 40°. 

The resultant of the ground water upthrust applied to 
the bottom of area F b is 

P ch = y w H,F„ = H 2 F b (XI.20) 

The weight of the evacuated tank G ch (including the back¬ 
fill over its top) multiplied by n = 0.9 should exceed the 
resultant of the upthrust taken with the overload factor 
n = 1.1 applied: 

0.9G C/ ' > 1.1/** (XI.21) 

As previously noted in Sec. XI.1, this condition cannot 
be met in some open-top structures. If so, the tank should 
always be kept filled during the high ground water level 
period. 

The circular tensile forces acting in the walls of circular 
tanks are determined at every metre (or a half-metre) of 
the height. For each zone 1 in high, the necessary cross-sec- 
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Lioiial area of the hoop reinforcement is found from the 
maximum design circular force (taken with a margin of 
safety): 

I'\ = T/n s (XI.22) 

In non-prestressed in-silu walls, the hoop reinforcing steel 
is placed on either side, keeping the concrete cover at a re¬ 
quired value. 

In prcslrcssed walls, the hoop reinforcement is tensioned 
and placed on the outside. 

The incipient-cracking and crack-opening analysis of 
a wall is carried out for the most heavily loaded wall tier 
as prescribed in Chap. V. Here, the tensile force T should 
he regarded as a long-time load. 

Prestressed walls* should meet the cracking-resistance 
requirements of the first category. The incipient-cracking 
analysis should be done for the design circular force T, 
subject to the condition T ^ N„ (where N er is the force 
at which the wall develops cracks). In in-situ walls, N er 
is found from Eq. (V.27), and in precast walls, N cr should 
be determined, disregarding the contribution from the non- 
prestrossed hoop reinforcement (that is, the horizontal rein¬ 
forcement of the wall panels) because it is interrupted at 
joints, and assuming that the grout in the joints between 
the wall panels does not carry any load. Therefore, the 
design expression may be written as follows 

T < N 0 or T < m„ c a 0 F„ r (XI.23) 

where N 0 is the prestressing force, o 0 is the prestress in 
the hoop reinforcement with allowance for all losses, F Vr 
is the cross-sectional area of the prestressed steel, and 
m„ c is the tensioning accuracy factor (m or — 0.9). 

At a low percentage of reinforcement, p = F pr IF c 
<0.25%, the adopted values of F,, r and o 0 should addi¬ 
tionally he checked to see if the wall of the filled lank 
(without backfill) can withstand a compressive stress of 
et least 8 kgf cm -2 (0.8 MPa). 


* Assuming; that pruslressod lioop reiiifnrcviucnl of class A-1V 
and higrlior is used. 
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Dividing either side of liq. (XI.23) by b' c — 1006 cin 2 
gives the design formula 

a c = m„ c o 0 [i > 8 kgf cm - - (U.8 MI J a) 

Non-prestressed walls reinforced with class A-I, A-II 
and A-I 11 hoop reinforcement should meet the cracking- 
resistance requirements of the third category. 

The width of a crack due to the circular force brought 
about by the characteristic load T ch = 771.1 should not 
exceed 0.1 mm (n cr , t . t ^ 0.1 mm). 

How to determine a cr for members in axial tension has 
been discussed in Chap. V. 

The vertical reinforcement of a wall is chosen to carry 
the maximum bending moment. The inside reinforcement 
resists tensile forces due to the moment M brought about 
by the internal liquid pressure (in the absence of backfill), 
and the outside reinforcement lakes up tensile forces induced 
by the moment .1 i ear th exerted by the backfill (in an evac¬ 
uated lank). 

The necessary steel area is found as for a rectangular sec- 
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lion of width b - 100 cm. The distribution of reinforce¬ 
ment in an in-silu wail is shown in Fig. XJ.21. 

In precast wall panels, the vertical reinforcing steel should 
additionally be checked for capacity to carry bending 
moments likely to arise in transit and erection. If the vertical 
reinforcement has a cross-sectional area sufficient to carry 
erection loads, but fails to re¬ 
sist bending moments in ser¬ 
vice, the bottom of the pa¬ 
nel should be reinforced with 
an additional piece of fabric 
(see Fig. XI.10b). 

High panels are additional¬ 
ly reinforced with longitud¬ 
inal prestressed bars to imp¬ 
rove their cracking resistance 
in transit and erection. 

The floor of a circular tank 
is a flat or conical slab resting 
on an elastic foundation and 
connected to the tank wall 
around its circumference 
either rigidly or by means of 
hinges. 

In the absence of ground 
water, the self-weight of the 
floor and the weight of the li¬ 
quid are balanced out by the 
contact soil pressure. Ben¬ 
ding moments arise in the floor 
where it joins the cylindrical 
wall or the column footings. 

The expressions for the for¬ 
ces in a circular wall have been 
derived assuming that the 
wall is completely fixed at the 



,f t t t t»«t 


Fig. XI.22. Design system for 
the joint between the wall, 
floor, and supporting ring 
(o) actual system; (6) basic design 
system; p—water pressure; N —force 
exerted on the Joint by the wall; 
9-contact soil pressure; M 1 —ben¬ 
ding moment in the wall at the Joint 
face; Q,—shearing force in the wall 
at the Joint face; Af 2 — bending mo¬ 
ment In the floor at the Joint face; 
Q,—shearing force in the floor at 
the Joint face 


floor (or has a movable support). In real structures, how¬ 
ever, the wall, the support ring built where the wall joins 
the floor, and the floor deform together, so that the forces 
in all these elements should be found considering the assem¬ 
bly as a whole (Fig. XI.22). Similarly, the behaviour of 
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Fig. XI.23. To the approximate design of the floor 

the floor is inseparable from that of the thickened areas 
beneath the columns. Since accurate calculations are tedious, 
approximate methods serve practical purposes asi wclL r»r 
example, at the joint between the wall and the Hooi, only 
the support ring and the floor are assumed to woik together 
in rSiug the forces N and M transferred to th.I nag.by 
the wall (Fig. XI.230). Here, the floor is regarded as a slon 
der beam of unit width cut by two sections paiallel to Hie 
diameter, and resting on an elastic foundation. A siimila 
design system is adopted for the joints between the floor 
a„d 8 ,he y co!ln footings (Fig. XI 231,). Hie portion cut 
from the support ring (or the thick floor see 
the column fooling) is usually regarded as a rigid beam. 
A slender beam on an elastic foundation is that m wli 
Us > 3, and a rigid beam is that in wind. V s . 
whore l (k) is tl.e length of the beam and s fo) is tne r 
gidity characteristic* given by 

s = YhEJIbc 

Here, E is the modulus of elasticity of the bean, material, 
j ; s the moment of inertia of the section, b is the section 
width (in our case, b = 1), and c is the modulus of subgrade 
reaction taken as 1 to 3 kgf cm’ 3 for weak soils and as 3 to 
8 kgf cm -3 for medium-density soils. 

At the joint between two portions of the floor, the forces 
M and Qi are determined by equaling their mutual displa¬ 
cements to zero, which can be expressed by the following 
canonical equations: 

a n Mi + ayiQi + a lp = 0 
a a M i + a-nQi -f dtp = 0 

-# characteristic of rigidity for a circular wall g iven by 

. /VI 5) is derived from the expression * — »•'4 fiJ/bc for c~ 
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The rotation and sag of a slender beam (multiplied by EJ) 
due to the moment AI 1 = 1 applied at the end are respect¬ 
ively as follows 

c*i = s 

< = -«•« 

The rotation and sag due to the force = 1 applied at 
the end are respectively as follows 


ag = s 3 /2 

For a rigid beam, we have respectively 

a[ 2 = ah = a r i2 = sJ/Jj 

The total displacements arc 

«u = “u + a[ t , «is = Oil = On + n; 2 , 

a Q2 = + aj. 

The load terms due to the moment M and the force N ap¬ 
plied to the support ring (Fig. IX.23a) are given by 

a ip - n,p = -M-1.5s}/Z; - Ns\l 4Z X 

Owing to the symmetry of the joint between the floor and 
the thick column footing, the rotation is a lv = 0 and the 
sag induced by the force N — 2is 

a 2p = (N - 2 Q t ) Ejllybc 

In the floor, reinforcing steel is placed both at the top 
and at the bottom. Where the floor adjoins the bank walls 
(or the support rings) and beneath the columns, the amount 
of reinforcement is found by analysis for the respective ben¬ 
ding moment. Elsewhere, the top and bottom steel consists 
of bars 8 to 10 mm in diameter spaced 15 to 20 cm apart 
(in either direction), chosen from structural considerations. 

In the presence of ground water, a flat floor is subjected 
to a uniformly distributed upward-directed design pres¬ 
sure due to the water upthrust 

p = 1.1 If 2 tf m -8 (kN m -2 ) 






As u lirsl approximation, the bending moments induced 
by this pressure in the tank floor may be determined as 
in the slab of a flat-slab floor put upside down and resting 
on the internal columns whose capitals are the footings. 

In a conical floor, the water upthrust, which increases 
linearly on moving away from the support ring towards 
the apex (Fig. XI.24a), gives rise mostly to compressive for¬ 
ces*. The radial and ring reinforcement of the floor is 
placed on either side (Fig. XI.24b). As a rule, it is made 
of class A-Il bars 10 mm in diameter and spaced about 15 cm 
apart. 

The roof members (slabs and girders) of covered tanks 
are designed as prescribed in Chap. X. The internal columns 
arc designed to resist compression as discussed in Chap. IV. 

Worked examples for the members of circular tanks will 
be found in Chap. XII. 


XI.4. Construction Types oi Reinforced Concrete 
Rectangular Tanks 

Rectangular tanks include water tanks, various settlers, 
clarification tanks, aeration tanks, mixers, oil and sand 
traps, filters, sill compactors, etc. Most of them are open- 
top structures, except water tanks and some settlers and 
filters which are preferably built covered. Prefabricated 
reinforced concrete members in rectangular tanks are used 
in walls, columns, roofs, and launders; the floor is usually 
cast in-situ. 

Water Tanks. These have a flat floor and a roof supported 
on internal columns. The column grid size usually ranges 
between 4 and 0 m square. If their height does not exceed 
4 m, the walls of in-situ rectangular tanks are made smooth 
and rigidly connected to the roof and floor (Fig. XI.25a). 
For this purpose, the wall panels have arch braces in the 
corners. If a tank is higher than 4 m, its walls have ribs 
facing outwards (Fig. XI.25b). To reduce the wall height, 
the floor may have sloping portions as shown in Fig. XI.25c. 
In-situ roofs are usually of the flat-slab construction. 


* Meridional and circular forces are found as in a conical shell 
of revolution. 


18—014 



Fig. XI.25. Construe Lion typos of rectangular tanks 
/—roof flat slab; 2—floor flat slab; a—capital; 4— column: 4—wall; o- ri in¬ 
wall; 1 —prefab roof slabs 

In the USSR, rectangular water tanks (Fig. XI.20) arc 
standardized as regards capacity and size: 


Capacity, m 3 

50 

100 

250 

500 

1000 

Plan dimensions, m 

3x6 

0x6 

0x12 

12X12 

12X18 

Capacity, m 3 





20000 

Plan dimensions, m 

18x24 

24x30 

36x30 

48x48 

00X66 


As is seen from the tabic, the plan dimensions of rectan¬ 
gular water tanks are multiples of a 6-m module. The stan¬ 
dard height is 4.8 m, or 3.6 m if the tank capacity is not 
larger than 500 m 3 . 

In-situ floors arc usually made flat, at least 12 cm thick 
and have thicker areas where columns and wall panels arc 
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installed. The wall panels are 4.8 in (.‘J.ti in) high and liavv 
a nominal width of <i in. 

Precast square-section columns are installed ill fooling 
sockets. 

The roofs of rectangular tanks are assembled from pre¬ 
fabricated type-design girders and ribbed slabs 1.f> ti in 
in plan, ordinarily intended for multistorey industrial buil¬ 
dings (see Fig. X 1.2(5). To keep the tank warm, the roof 
is usually covered with a layer of soil. Sometimes, use is 
made of more effective warmth-keeping jackets, such as 
foam concrete and foamglass, which markedly reduce the 
load imposed on the roof elements. 

Since the temperature in water tanks equipped with 
warmth-keeping jackets is held constant, they usually have 
no expansion or contraction joints. 

Horizontal Settling Tanks. These are long multi-section 
tanks rectangular in plan in which the liquid flows slowly 
so that the suspended solid particles have lime to settle. 

Horizontal settlers used in water supply systems arc 
generally of the covered construction with a thermally 
insulated roof, whereas those employed in sewage disposal 
systems arc open-top. 



Fig. XI.27. Covered horizontal settler assembled from standard 
members 

/- wall panels; 2—roof panels; .1 —partition panels; 4— in-silu floor; S- con¬ 
crete layer; C—launder; Details .-t and II an- shown in Flir. XI.3.1 



Aliv A —.r_ iW /T 

Detail A' Movement joint 

I'iR. XI.28. Open-lop horizontal solder assembled from standard 
members 

g ~' l.«irlili<in paiirls; 3— in-situ floor; 1—in-situ wall portions: 
Detail C IS slum'll in Fig. XI.35 


The height or covered horizontal settlers assembled from 
standardized prefab members (Fig. XI.27) is 4.8 m, the 
width of a cell is 6 in, and the length ranges between 36 and 
75 in. The floor is cast in-situ, the walls are assembled from 
precast panels with a nominal width of 3 ra. The roof slabs 
arc installed directly on the longitudinal walls. 

The height of open-top settlers assembled from standardi¬ 
zed prefabricated members is either 3.6 or 4.8 m. They con¬ 
sist of cells 6 or 9 m wide and 36 or 48 in long (Fig. XI.28). 
Each section of a settler may be composed of several (from 
two to nine) individual cells, but the width of the secliou 
should not exceed 54 m, because otherwise raoveraeut joints 
would have lo bo made. At the top, the wall panels may 
be connected by spreaders installed at every 6 m. 

Oil Traps. These are intended to catch petroleum products 
from sewage at oil refineries, oil fields, and oil tank farms. 
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Oil traps are multi-section 
Physically, they arc simila 
Oil traps assembled from 
have a standard height of 2.- 



Kin- XI.29. lu-silu aeration 
lank 


structures rectangular in plan. 
: to horizontal settling tanks, 
standardized precast members 
1 m, a cell width of 2.3 or 6 in, 
and a length of 12 to 36 m 
(a multiple of 6 m). The walls 
are built of prefab panels 
and the floor is cast in-situ. 

Aeration Tanks. These arc 
multi-section rectangular tanks 
intended for the biological 
purification of waste water 
(Fig. X1.29). Each section is 
divided into corridors by long¬ 
itudinal partitions which stop 
short of the face walls on 
one side. Most commonly, 
use is made of three-corridor 

sections. 

Aeration (auks arc assemb¬ 
led from standardized sections 
to form two, three, or four cor¬ 
ridors. The corridors are 4.5, 


6, and 9 m wide, 4.8 and 6 m high, and 42 to 132 m long 
(the length is taken as a multiple of 6 m). The floor is cast 
in-situ, whereas the walls and partitions arc made up of 
prefabricated panels 3 in wide (Fig. XI.30). 

Because aeration tanks are long, they have movement 
joints installed at every 54 m, which accommodate steel 
expansion compensators or rubber keys (Fig. XI.31). 1° 
reduce friction arising when the strain blocks move with 
variations in temperature, a layer of sand is provided beneath 
the floor between the asphalt and concrete layers. 

Other types of rectangular tanks (such as clarification 
tanks, oil separators, mixers, contact tanks, sand traps- 
biological fillers, high-rate trickling fillers, and the like) 
arc of similar construction. They only differ in size, floor 
shape, and provision of launders or chutes. 

Depending on the type of horizontal load they are to 
carry (water or lateral earth pressure), standardized wall 
panels for rectangular tanks can be divided into cantilever- 
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Fig. XI.Hu. Aoralion lank assembled from standard prefab members 
l—wall^jiain ls; s—partition panels; 3 —in-silu floor; 4 —in-sitn wall portions; 


type panels clamped in the floor (Fig. XI.32) and beam- 
type panels having a hinged support at the top in addition 
to the clamped bottom (Fig. XI.33). At the bottom, beam- 
type panels arc embedded into a slot in the floor for at 
least 1.56 and cantilever-type panels for at least 26 (where 6 
is the panel thickness) (see Fig. XI.26, Detail 3 ). ■ v ’ 
Beam-type panels arc assumed to he supported at the top 
because the entire lank structure behaves as a closed system 
(Fig. XI.34a) where the roof joins together the walls and 
columns in covered structures, or reinforced concrete sprea¬ 
ders join together the walls and partitions in open-top 
structures (Fig. X 1.34b). Beam-type panels have expanded 
top ends 300 x 200Jmm in size, which, after' the panels 
have boon joined.Twork as a framing beam subjected to 
bending in a horizontal plane between the spreaders (or roor 
girders). 






mipcnsntors 


Fig. XI.31. (a) Movement jiuts with slco loxpansion co 
ana (6) movcincvl jinls with rubber keus 
I —Inner face; If—wall: III— floor; l —expansion compensator; ?—asliestos- 
cement grout; J—asbestos strand; 4 —sliotcrotc plaster; .5—asphalt; 6—sand: 
1 —prepared roofing paper; a—concrete layer; »—three-cam nmlier key 
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Apart from wall panels, the standardized members for 
rectangular tanks include partition panels which do not 
have to resist water pressure because in service the water 
is on cither side of the partition. 

The width of cantilever-type wall panels and partition 
panels is 2.98 m. Their vertical side faces have a triangular 
groove, so that a rhombic key 

is formed at the joints after (0) § 

grouting. In addition, can- ? 

tilever-type wall panels are 1 1 \ § 

joined by welding together 1 _ 

their reinforcement slick-outs s _*>_ 2 mo is worn 

at the lop and at mid-height, —— ——£- 

after which the joints are con- ' 1 ~ 

ere led. / 

The height of cantilever- Opt a XT § 

type wall panels, //, ranges § \\i |l J J j; 

between 1.2 and 5.4 m in « P 

0.6-m steps. At // = 1.2, 1.8, t \\ j j (§ 

and 2.4 m, the panels have -1 u-J i ? 

a constant thickness 6 equal S . _i [ 2080 | 

to 100,130, and 150 mm, res- s gfj -mu y ———7 
pectively. If H ^ 3 m, the 
panels have a varying thick- ' 
ness which is 140 mm at the ["] "T % 

lop, whereas at the bottom 1 | ? 

it is 160 mm when // = 3 m, [ 1 )§ 

200 mm when II = 3.6 m, 1 1 

240 mm when H = 4.2 m, u s - i 

280 mm when H = 4 .8 m, H— — i^!LA 
and 340 mm when II = 5.4 m. > 

Partition panels have II • S-r/o-MO 

= 3.6, 4.2, and 4.8 in and a Kiir.XI.32.Cauiilcvur-iypfWi.il 


constant thickness 8 = 120, and partition panels for ruclan- 
140, and 160 mm, respecli- itnlar tanks 

VC ‘V- .... . panels! 1 H >';{!*■ in; (ef pariition pa- 

lhe vertical joints in beam- nels: l-relnforcemcnt exposed ends 
type wall panels are made by 

welding together their horizontal reinforcement slick-outs. 


and the gap between the panels is concreted (see Fig. XI.26, 
Detail 5). For ease of concreting, the gap is made 200 mm 
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wide, so the panel width is 
3 — 0.2 = 2.8 m. The neces¬ 
sary length in low-capacity 
tanks is obtained with make¬ 
up beam-type panels 1.8 m 
wide (2-m nominal width). 
The panels come in heights 
from 2.4 to 6 m in 0.6-m 
steps and in thicknesses from 
140 mm (for II — 2.4 m) to 
240 mm (for II = 6 m) in 


Fig. XI.33. Beam-type wall slc P s of ?? mm \ . . 

panels for rectangular tanks To facilitate their joining 

/—reinforcement exposed ends at tllC Corners, Wall panels 


have in-situ portions up to 


1.5 rn long (Fig. XI.35). 

Wall panels are subjected to bending in only one vertical 








Fig. Xl.:{!i. Joints between tin* wall panels ot rectangular tanks (see 
also Figs. XI.20, XI.27 anil XI.28) 

/—wall panel (rcinforcrtl with horizontal liars at the comers); J—ill-si tu portion 
reinforcement; j—panel reinforcement slick-outs; 4 —embedded parts; J—cement 


plane, provided they are sufficiently far away from trans¬ 
verse walls or partitions. Under the circumstances, the ver¬ 
tical bars serve as the load-bearing reinforcement, and the 
horizontal bars arc installed from structural considerations. 
Some additional horizontal reinforcement is required in 
the regions where mutually perpendicular walls intersect 
and small bending moments arise in a horizontal plane as 
well. The length of such regions is taken equal to the panel 
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height (for bcain-lypc panels) or half as large again as llie 
panel height (for cantilever-type panels). Because of this, 
each standard size of panels comes in several reinforcement 
arrangements. 

As already mentioned in Sec. X1.2, new type designs 
have been developed in the USSR for prefabricated rein¬ 
forced concrete members fo- 
waler supply and sewage dis¬ 
posal systems, which come in 
a reduced number of standard 
sizes and require less materi¬ 
als to fabricate and less labour 
for erection. For example, 
a concreted vertical joint is 
replaced by a less labour-con¬ 
suming key joint with welded 
stick-outs. Panels more Ilian 
3.(5 m high now have a varying 
thickness which is more eco¬ 
nomical of materials. As an 
alternative, the corner joints 
between wall panels can be 
made flexible (Fig. XI.3(5). 
With this type of joint, the 
deformation of the walls is not constrained, so that wall 
panels of the same standard size may be used throughout, 
whereas rigid joints (having in-silu portions) call for panels 
with additional reinforcement in the corners. The flexible 
joint owes its water-lightness to the Thiokol sealing com¬ 
pound filling the gap. 

Launders and Chutes. These are used in many tanks and 
may be placed along the walls (as in settling tanks, clari¬ 
fication tanks, and sill compactors), above the walls (as in 
aeration tanks), or directly on the ground (as in bunker 
sand traps). Standardized rectangular launders and chutes 
have a nominal length of 3 and (5 in, a clear width of 2U 
to 150 cm, a depth of 30 to 5)0 cm, and a wall thickness at 
the bottom of Stoll cm. They are carried in reinforced con¬ 
crete couplers installed on transverse reinforced concrete 
beams which embrace the wall (or partition) panels 
(Fig. XI.37 «j). The beams are secured in place by steel wed- 



corncrs 

I—wall iianrla; s -Tliiuknl .smilin' 
compound; suwkol 40 mm in ilia- 




gcs. All members are joined together by welding embedded 
steel parts. 

Footwalks for attending personnel are assembled from 
ribbed slabs ordinarily used in the roofs of industrial build¬ 
ings. They arc carried by transverse reinforced concrete 
beams (l'ig. XI.37b) or couplers which join together the 
individual sections (Fig. XI.37a). 


XI.5. Design of Rectangular Tanks 

The behaviour under load of, and the choice of a design 
approach to, the walls of rectangular tanks depend on their 
construction type and aspect ratio. 

The walls of open-top structures whose height is cons¬ 
iderably smaller than the length (aeration tanks, oil traps, 
settlers) are regarded as cantilevers fixed in the floor. 

The outer walls arc designed: 

(1) to resist liquid pressure in the absence of backfill 
(Fig. 38a); and 

(2) to resist earth pressure when the tank is empty 
(Fig. X1.386, c). The live load at the ground surface around 
the tank is taken as 1 If m“ 2 (10 kN m -4 ). 
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The formulas necessary to determine the characteristic 
values of liquid and earth pressure and the respective over¬ 
load factors have been given in Sec. XI.3. 

On finding the design bending moments induced by the 
specified load (per metre run of the wall), we determine the 
necessary cross-sectional area 
of the vertical reinforcing 
steel as in a rectangular sec¬ 
tion of effective depth /t 0 = 
= 8—2 cm and width b = 
= 100 cm. The reinforcement 
of area F s ln installed on the 
inside is designed to take 
up the liquid pressure, and 
that of area F s% ou , installed 
n the outside is computed 
to carry the earth pressure. 
It should be noted that 
F$. out * s smaller than F s , in- 
The intermediate walls 



Pcarth 


Fig. X1.38. (Design system for 
the exterior walls of extended 
open-top rectangular tanks 
(a) internal water pressure, no bac¬ 
kfill; (6) lateral earth pressure, eva¬ 
cuated tank; (e) lateral earth pres¬ 
sure, gtound water pressure, evacu¬ 
ated tank 


which experience a liquid pres¬ 
sure from one side or the other (when the adjacent section 
is evacuated) are reinforced with steel of area in on the 
other side. 

To reduce the number of standard sizes used, prefabricated 
cantilever-type panels have the same reinforcement of area 
in on either side. The adopted vertical reinforcement of 
precast panels should be checked for ability to withstand 
erection loads when the panel is subjected to bending due 
to the self-weight. 

Once the necessary amount of reinforcement is found, 
the walls should be analyzed for tendency to crack-open¬ 
ing, subject to the condition a er ^ 0.2 mm. This should 
be done as prescribed in Sec. VI.7, assuming that all the load 
is acting for a long time. 

As already mentioned, the horizontal reinforcement of the 
tank walls is placed for structural reasons. Within 1.5 //,„ 
of the end walls (if the longitudinal and transverse walls 
are rigidly connected), the cross-sectional area of the hori¬ 
zontal reinforcement should be increased so as to meet the 
condition i,or t l min bh 0 . This is done to allow for small 



XI.5. Design of Rectangular Tanki 


287 


bunding moments arising in Lliu horizontal plane (see 
Sec. Xl/i). 

The inlermcdialo walls which always resist a balanced 
liquid pressure from both sides (such as inter-corridor walls 
in aeration tanks, circulation partitions in sclllcrs, and the 
like) are designed to carry vertical loads due to the liquid- 
filled launders and chutes, footwalks, and process pipe¬ 
lines resting on them, and also the wind loads imposed on 
the walls when the tank is empty. 

The cross-sectional area of the vertical reinforcement is 
determined as for mombers in eccentrical compression (sec 
Chap. VII). The horizontal 
reinforcement is likewise pla¬ 
ced from structural considera¬ 
tions. If the wall is assembled 
from precast members, the 
adopted steel should be check¬ 
ed for bending due to the 
self-weight of the panel in 
transit and erection. 

The walls of open-top and 
covered tanks with an aspect 
ratio of C 3 (Fig. XI.39) 
are regarded as plates clamped 
at the bottom and along the 
side faces. How the upper end 
of the wall is fixed depends on the tank design. In an open- 
top tank, the wall has a free top (see Fig. XI.39a); in a cove¬ 
red tank with a precast roof, the wall top is hinged 
(Fig. X 1.39b); and in a covered tank with an in-silu roof, 
it is fixed rigidly (see Fig. XI.39c). The load imposed on 
the walls by liquid or earth pressure is graphically depicted 
by a triangle (or a trapezoid) with a maximum ordiuate at the 
bottom. The bending moments are determined using tables 
for the design of rectangular isotropic slabs, given in Ap¬ 
pendix XVIII. Once the bending moments are found, the 
necessary steel area in each direction is found by the usual 
procedure, and the walls are checked for tendency to crack¬ 
opening. 

The walls of extended tanks (Fig. X1.40) have supports 
at the floor and roof level. An in-situ smooth wall is regar- 



Fig. X 1.39. Design systems for 
wall workini; in two directions 
J —free end: i—hinged end; 3 — 
damped ends 




288 Ck. 11. Special Structures /or Water Supply System* 




Fig. X 1.40. To (lie design of the walls of extended covered rectangular 
tanks, rigid joint between the walls, roof, and floor 
I —roof; 2— wall; 3 —floor 


ded as a beam-type slab elastically fixed at the top and 
bottom and subjected to the load due to liquid pressure 
(in the absence of backfill) graphically represented by 
a triangle (Fig. XI.406). In an evacuated lank, the lateral 
earth pressure causes a similar distribution of bending mom¬ 
ents but opposite in sign. The necessary vertical steel area 
is found from the design values of the bending moments, 
and the panel is then checked for tendency to crack-opening. 
The distribution of reinforcement is shown in Fig. XI.40c. 

It should be noted that in addition to bending moments, 
the walls of covered rectangular tanks are subjected to 
a longitudinal force due to the roof weight, so the walls 
work in eccentrical compression. However, the effect of 
the longitudinal force is not taken into consideration in 




^'8- XI.41. To the design of Iho walls of extended covered rectangular 

tanks, hinged joint between the walls and the roof 

(a) general view; (l>) loading system; (e) bending moment diagram 


design calculations and the walls are designed to resist 
bending only. This results in an overreinforcement, but 
improves the performance of the structure, because in ser¬ 
vice it may so happen that the tank has no backfill over its 
roof, and the longitudinal force will then decrease con¬ 
siderably. 

If an in-situ wall has vertical ribs spaced a distance 
c ;> 0.5 or c> 2 h apart, the inter-rib portion of the wall 
should be designed as a slab clamped on four sides, using 
the tables mentioned above, and the ribs should be design¬ 
ed as a beam elastically fixed at the floor and roof and 
loaded by the reactions transferred by the slab. 

Ribless walls in extended covered tanks with precast 
roofs (Fig. XI.41) are regarded as clamped in the floor 
and having a hinged immovable support at roof level. Such 
walls are designed as vertical beams 1 m wide. 

The same design system (see Fig. XI.41) applies to pre¬ 
cast beam-type wall panels. For type-design panels, the 
moment in the span is taken to be somewhat larger than 
that shown in the figure because of a likely rotation of 
the joint between the wall and the floor (the moment M tp 
is determined with M bot reduced by 20%). 

When determining the lateral earth pressure, the live 
load at the ground surface is taken as 1.5 tf in - * (15 kN m - *): 
in the case of tanks with a soil warmth-keeping jacket, the 

10-014 




Fig. XI.42. To the design of the ribbed walls of covered rectangular 
tanks 

(a) general view; (6) loading system for the ril> when c > 2 h : (c) loading system 
for the slab when h > 2c\ id) loading system for the slab when e 5 2A 


load is taken as 2.5 t! m -4 (25 kN in' 4 ). In type-design 
beam-type panels, this live load is adopted for H = 3.6 
and 4.8 m. Once the bending moments are found, we deter¬ 
mine the required vertical steel area, keeping in mind that 
the intermediate walls resist liquid pressure from both 
sides, and the marginal walls are subjected to liquid pres¬ 
sure from one side and earth pressure from the other. Fin¬ 
ally, the walls are checked for tendency to crack-opening 
subject to the condition a er < 0.2 mm. 

If a wall has vertical ribs (Fig. XI.42a), then, for h > 2c, 
the moments calculated as in Figs. XI.40 and XI.41 should 
be multiplied by c and used as guide in finding the neces¬ 
sary rib reinforcement. In this case, tho ribbed slab is de¬ 
signed in the horizontal direction as a multispan beam sup¬ 
ported on the ribs (Fig. XI.42c). The load imposed on the 
slab varies with height, so the slab is divided into zones 
1 m wide, and each zone is designed to carry a load of its 
own. 

If the distance between the ribs is c ^ 2 h, the rib is de¬ 
signed as a beam clamped at the bottom and hinged at the 
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Fig- XI.43. To the design of the walls of rectangular tanks whose 
height considerably exceeds their dimensions in plan 

top and loaded by the reactions of the adjacent slabs sup¬ 
ported on four sides (Fig. XI.42d). 

The walls of small structures whose height considerably 
exceeds their dimensions in plan are divided into zones 
1 m high, and each zone is designed as a closed frame to 
resist a maximum pressure p (Fig. XI.43a). The associated 
bending moment diagrams, the values of moments and 
normal forces are shown in Fig. XI. 43b. Id the absence 
of backfill, the walls are subjected to eccentrical tension 
due to liquid pressure. In an evacuated tank, the walls work 
in eccentrical compression induced by the lateral earth 
pressure. The roof and floor members are designed as prescribed 
in Sec. XI.3 for circular tanks. For worked examples, the 
reader should turn to Chap. XII. 
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XI.6. Construction Types and Design 
of Steel Circular Tanks 

Steel tanks are classed as sheet structures made of flat or 
bent sheets connected by welding into a single space thin- 
wall structure. The welded joints between the sheets should 
not only be strong but also sufficiently water-tight. Steel 
tanks mostly experience a moment-free state of stress where 
they are subjected only to axial (mainly tensile) forces 
which give rise to stresses uniformly distributed across the 
thickness of the sheets. Bending moments only arise where 
the sheets meet stiffening rings, flat floors, etc. They are 
rapidly damped and affect the state of stress only within 
limited portions (edge disturbance). 

Sheet structures subjected to tensile stresses induced by 
internal pressure (pipelines, circular tanks, and so on) 
remain serviceable even after the stresses in the sheets have 
reached the yield point. For this case, the design tensile 
strength of the steel is based on its ultimate rupture strength 
(see Chap. IX). 

Steel circular tanks are mostly used in water towers. 
They may have either a flat or a space floor (Figs. XI.44 
and XI.45). The weight of the roof is usually insignificant 
and has no effect on the wall behaviour. 

Tanks with a flat floor are the easiest to manufacture* 
but they have certain disadvantages in service: the floor 
is difficult of access for inspection and repair, and atmo¬ 
spheric precipitation has no free run-off and speeds up steel 
corrosion. 

For ease of welding and better corrosion resistance, the 
minimum sheet thickness is taken to be 4 mm. In tanks 
having a relatively small capacity (from 100 to 1 000 m 3 ), 
the walls and the flat floor have a constant thickness 6 = 
= 4 mm. In large-capacity tanks (2 000 to 5 000 m 3 ), the 
wall thickness varies from 4 to 10 mm, the flat floor has 
a constant thickness of 4 to 5 mm in the middle and a thick¬ 
ness of 6 to 8 mm at the edges. A wall is assembled from 
several individual horizontal rings (tiers) installed one on 
top of another. The sheets in the tiers arc joined by butt¬ 
welds. In the adjacent tiers, these welded joints arc stag¬ 
gered, the stagger being half the sheet length, but not less 




Fig. X 1.44. Steel lank with a flat slab 

/—lap-welded tiers; //—butt-welded tiers; I—butt weld; 2—continuous weld: 
Of— intermit I ml weld 



Fig. X1.45. Sleel tanks with a spatial floor supported arouinl Ihe 
periphery 

(n) spherical floor; (f*) conical floor; 1— wall; 2—supporting ring; a—bull weld; 
<—floor 

than 500 mm. The tiers are joined by butt- or lap-wolds 
(see Fig. XI.44). 

The sheets of a flat floor are joined by butt-or lap-wolds 
along each strip, and the strips are lap-welded to one another. 

The walls and the floor are joined by two continuous cir¬ 
cumferential T-bult welds (see Fig. XI.44). There is no merit 
in using an additional angle or straps at the joint between 
the wall and floor or in extending the floor beyond the wall 
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for more than 50 mm, as this only leads to a considerable 
stress concentration at the joint. 

In tanks with space floors, the joint between the walls and 
the floor has a support ring (see Fig. XI.45). 

In present-day practice, ever wider application is being 
found by steel circular tanks whose component members 
are prefabricated and transported to the site in rolls. In 
the course of erection, the members are unrolled and welded 
together*. The sheet thickness in such tanks is limited so 
that the steel can be rolled. The walls of large-capacity 
tanks may be prestressed, for which purpose high-strength 
wire is wrapped around the wall and the entire structure is 
shotcreted. 

The internal hydrostatic pressure causes the wall of a cir¬ 
cular tank to work in axial tension. The design circular 
tensile force T acting at a depth h from the top of the wall 
in a circular lank of radius r is given by Eq. (XI.3). If the 
tank is filled with water, we have 
T = 1.1 hr 

For each tier, the depth h is taken as the distance from 
the top of the wall to the bottom of the tier (Fig. XI.46a). 

The walls of thickness f) w are checked for strength at 
the vertical joints between the sheets in the tiers 

T/8 W < (XI.24) 

At the joints between the wall and the floor, the welds 
restrain the free deformation of the wall, thereby giving 
rise to an edge bending moment M 0 . The design value of M o 
may approximately be determined as 

M 0 « 0.11/M* (XI.25) 

where ll is the height of the circular wall. 

The edge moment rapidly subsides with height (Fig. X1.46) 
and mainly affects the welds at the joint between the wall 
and floor. The stresses induced by the edge moment in the 
welds should satisfy the following condition 

<W, ( , .V 0 /H' wrM < (XI.26) 

* This is the main type of tanks for petroleum products, 
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Fig. XI.40. To the design of a sleel circular lank 
(a) wall; ( b) welded joint between wall and floor 


where W we i<i is the moment of resistance of two fillet welds, 
in cm 3 (sec Fig. XI.466): 

W w el„ = JnelAUZ + 0.7 h wc „) (XI.27) 

Here, J wi -id is the moment of inertia of the welds in cm 4 : 
Jwcid = 2 [1 X (0.7/» U)Cjl f) 3 /12 -f 1 X 0.7 h weli 

x (0.7h weld l2 + 6 u,/ 2 ) 2 l (XI. 28 ) 

These stresses are not added to the tensile stresses which 
the weld experiences as a member of the lower tier of the 
wall, because the vectors of these stresses are mutually 
perpendicular. 

Flat floors resting on a continuous foundation are exposed 
to insignificant forces, so they are not usually analyzed. 

The hydrostatic pressure acting on a spherical floor sup¬ 
ported around the periphery (see Fig. IX.45) gives rise to 
tensile forces. Such a floor is checked for strength at the 
weld in the lower zone where the tensile stresses reach a max¬ 
imum: 

ny (H + c) r 0 l 26 < (XI.29) 

where n is the overload factor, y is the unit weight of the 
liquid contained in the tank, and the meaning of If, c, r 0 , 
and 6 is explained in Fig. XI.45. 

In a conical floor with an angle of slope a (see Fig. Xl.456). 
(he circular tensile stresses reach a maximum at the sup- 
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porting ring. The weld is checked for strength subject to 
the condition 

nHyr ctg a/6 sin a ^ (XI.30) 

The supporting ring of a tank supported around the per¬ 
iphery experiences the following compressive forces 

N = nG eh tg a/2n (XI.31) 

where G eh is the weight of the water and floor. 

The ring is said to have an adequate strength if 

N/F r < R (XI.32) 

where F r is the cross-sectional area of the ring. 

The supporting ring is also checked for stability subject 
to the condition 

N < N cr (XI.33) 

where 

N„ = 3Ej y IF r r* (XI.34) 

Here, E is the modulus of elongation for steel, J y is the 
moment of inertia of the ring section about the vertical 
axis passing through the centroid of the section, and r T 
is the ring radius. 


XI.7. Reinforced Concrete Pipes and Wells 
for Water Supply and Sewage Disposal Systems 

Reinforced concrete pipes may bo of the nonpressure and 
pressure types. The former are used to carry fluids in grav¬ 
ity flow such as in sanitary sewers and storm drains, the 
latter are used in conduits working under a hydrostatic 
pressure of up to 20 atmospheres. 

Nonpressure pipes arc nonprestressed. They have a length 
of up lo 5 m, a diameter of D = 400 to 2 500 mm, and 
a wall thickness of 50 to 150 mm. The pipe reinforcement 
(with D ^ 900 mm) consists of one or two cylindrical welded 
cages made up of spiral reinforcement (Fig. XI.47). With 
a stepped bell, the gap between the bell and the spigot is 
filled with a mixture of asbestos and cement for water¬ 
carrying pipes, and a tarred rope is additionally used for 
sewer pipes (Fig. XI.486 and c). With a tapered bell, a solid 



( 0 ) 






Fig. XI.47. Hiiinfoicod concrete nonpressure pipes 

In) stcppcil-brl I pipe; (b) tnpcrcd-hcll pipe; (c) flush-connected pipe; (d) distri- 

lmtion of pipe reinforcement; 1—spiral reinforcement; 2—longitudinal liars 


rubber gasket is used to seal the joint against leakage 
(Fig. XI.48a). The joints in flush-connected pipes are caulk¬ 
ed with a mixture of asbestos and cement or shotcroted 
(Fig. 48 d). 

The load-bearing capacity, settlement, and, as a conse¬ 
quence, the lightness of joints largely depend on how pipes 
are laid on the foundation. 

Type-design nonpressure pipes with D ^ 500 mm designed 
for backfill 4 and 6 m deep may be laid directly on a flat 
soil foundation and the trench may be backfilled with the 
soil. If D ■> 600 mm, the shape of the trench cross section 
should be such that the angle of contact is at least 00° 
(Fig. XI. 49a). The trench is backfilled with sand as deep 
as the pipe axis, and each layer of sand should properly be 
compacted. In soils having a design strength of less than 
1.5 kgf cm -2 (0.15 MPa), use is made of concrete footings 
(Fig. X 1.49b). If the soil is likely to settle unevenly, rein¬ 
forced concrete footings areJused. In coarse-grained rocks, 
hard clays and loams, pipes are laid on a layer of sand- 
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Pressure pipes should be highly crack-resislant, which 
is why they are prestressed. The lateral prestress is produced 
by tensioning the spiral reinforcement, and the longitudinal 



Fig. XI.48. Joints in nonpros- 
sure pipes 

j—solid rubber gasket; 2—asbcslos- 
ceinent mixture; a—asphalt putty; 
4 _cement grout; 3 —tarreu rope 



Fig. XI.49. Installation of pipes 


prcslress by tensioning the 
longitudinal bars. 

Type-design reinforced conc¬ 
rete pressure pipes are fabricat¬ 
ed at concrete yards by a 
vibrohydraulic process. They 
range between 500 and 1 600 
mm in diameter, their walls 
arc from 55 to 105 mm thick, 
and the length is 5 m. The 
pipes arc reinforced with class 
B-II (spiral reinforcement) 
and class Bp-11 (longitudinal 
steel) high-strength wire. The 
pipe bells are tapered, and the 
joints are sealed with rubber 
gaskets (see Fig. XI.48a). Pres¬ 
sure pipes are laid in trenches 
similarly (o nonpressure 
pipes. 

Some designs incorporate a 
light-gauge steel cylinder in 
the wall of the pipe as a wa¬ 
terproof diaphragm. Such pipes 
intended for a pressure of ,up 
to 10 atm arc non prestressed, 
and those intended for a pres¬ 
sure of 10 to 20 atm have pre¬ 
stressed spiral reinforcement. 

Prestressed pipes are checked 


for strength and incipient cra¬ 
cking, non prestressed are checked for strength and crack width. 

In service, pipes are subjected to internal pressure to which 
may be added a water hammer, self-weight and weight of 
liquid, soil pressure, and live load on the ground surface 


induced by vehicles. These loads bring about bending mom¬ 


ents and axial forces both in the lateral (circular) and in 


the longitudinal sections. 
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Fig. XI.50. Reinforced concrete wells 


(n) circular w 

riiiB'. 4 — pavi 

steps; S —floi 


rll; (t>) rectangular well; I—wall rintrs; i —root slab: 3 —chimney 
meiit; 5—cast iron inanliole; s—supiwrliiiB rim! tor inanliule; 7— 
r slab; 9 —in-situ concrete around pf|ielines; 10 —flat wall slabs 


Design procedures for pipes are not covered in this text. 

Reinforced Concrete Wells for Water Supply and Sewage 
Disposal Systems. Most commonly, these are circular in 
plan (Fig. XI.50a). Standardized wells have an inside dia¬ 
meter of 1 (X)0, 1 500, and 2 000 mm, and a chimney dia¬ 
meter of 700 mm. The well depth depends on Ihe depth at 
which the pipeline is laid and may vary over a wide range 
as a multiple of 300 mm. 

The well walls arc assembled from reinforced concrolc 
rings 600 or 900 mm in diameter and 80 to 100 mm thick. 
Bottom rings have four openings on either side for inlet 
and outlet pipelines. After the pipes have been installed, 
the remaining openings and gaps between the pipes ami 
walls are concreted. 
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The wall rings are installed on a flat floor slab 100 to 
120 mm thick and roofed over by a flat slab 150 mm thick 
having a hole 700 mm in diameter, on which the chimney 
is erected. The floor slab diameter should exceed the inside 
diameter of the wall rings by 500 mm, and is taken as 
1 500, 2 000, and 2 500 mm. The diameter of the roof slab 
is equal to the outside diameter of the wall rings and is 
taken as 1 160, 1 680, or 2 200 mm. 

The chimney is covered by a reinforced concrete slab 
840 mm in diameter and 70 mm thick. Tt has a hole 580 mm 
in diameter, over which a standard-size cast iron manhole 
and cover are installed. If a well is located on a highway 
or an industrial site where heavy trucks are likely to pass, 
the round chimney roof slab is replaced by a rectangular 
highway slab 1 150 X 2 500 mm large and 220 mm thick. 
In the middle, the slab has a hole 580 mm in diameter serv¬ 
ing as a manhole. Outside the chimney, the highway slab 
rests on a compacted sand foundation 250 mm thick. 

The bottom part of wells may also be rectangular in plan 
(Fig. XI.50b). In this case, use is made of standardized wall 
panels for rectangular tanks (see Sec. XT.4). 

The load-bearing capacity of type-design reinforced con¬ 
crete structures is such that the floor slabs may be embedded 
as deep as 7 m, and the roof slabs as deep as 0.5 to 4 m 
depending on the live load at the ground surface. 

XI.8. Construction Types and Design 
of Water Towers 

The function of water towers is to maintain the required 
water head in the associated lines. 

The main part of a water tower is a tank. The capacity 
of the tank is chosen to suit water consumption require¬ 
ments, and the height of the tank above ground level depends 
on the design water head required. 

Mn capacity, water towers range between 15 and 3 000 m s , 
and in height, between 6 and 50 m. 

Water towers may be of tho shelter type (Fig. XI.51«) 
or the shelterless type (Fig. X 1.51 ft). In the former typo, 
the tank is enclosed in a shelter to keep it from freezing 
at subzero temperatures and at low rates of water circuja- 



lion, or to keep the water from healing at high ambient 
temperatures. In the latter type, thermal insulation is ap¬ 
plied (if necessary) directly to the tank walls. Nowadays, 
the most popular tanks in Lhe USSR are made of the shelter¬ 
less or semi-shelter type. This simplifies construction, red¬ 
uces the weight of support structures, and cats down the 
cost. 

Instead of one tank (see Fig. X1.51a and b), a water tower 
may have several tanks (Fig. XI.51c), if water of different 
purity and temperature is required. 

Existing evidence shows that, given the same height and 
construction type, the cost of water towers varies only insig¬ 
nificantly with tank capacity. For example, if the effective 



Pig. Xl.iW. Construction types Fig. XI.52. Water tower tanks 
of water lowers 
1 —support: —tank; s —shelter 


tank capacity is increased by 30% to 40%, the cost of the 
tower will rise only by 3% to 6%. Given the same capac¬ 
ity and construction type, the cost of towers varies in pro¬ 
portion to the height of the support. 

On the basis of a technical and economic analysis, the 
following type-design structures have been developed in 
the USSR: towers with a tank capacity of 25 and 50 m 3 
for a height of 9 to 27 m, and towers with a tank capacity 
of 150, 250, 500, and 1 000 m 3 for a height of 12 to 42 iu 
(taken as a multiple of 3 m). 

The tanks of water towers are made either of reinforced 
concrete or of steel. Among reinforced concrete tanks, the 
simplest structure consists essentially of a cylindrical shell 
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and a flat non-bearing bottom lying on a solid floor instal¬ 
led in the supporting structure (Fig. XI.52a). Tanks made 
up of a cylindrical shell changing at the bottom into a truncat¬ 
ed cone and a load-bearing bottom are more economical 
of material and, therefore 



Fig. XI.53. Water lower wilh 
a brick support 

1 —footing; 2—brick support; 3 — 
mcl.il tank 


cost by 30% to 40% less 
(Fig. 52b). 

To ensure the required crack 
resistance, the walls of large 
reinforced concrete tanksought 
to be prestressed. However, 
steel tensioning at a great 
height is inconvenient and not 
always warranted. Because of 
this, tanks are often made of 
steel instead of reinforced con¬ 
crete (see Sec. XI.6). 

The supports of water towers 
are mostly made of reinforced 
concrete, but for small-capa¬ 
city tanks they may be made 
of metal or brick depending on 
the local conditions. Masonry 
supports are warranted [for a 
tower height of 9 to 12 m and 
are built as a cylindrical 
shaft with walls 250 to 380 mm 
thick. Figure XI.53 schemati¬ 
cally shows a shelterless tower 
with a masonry support and 
a metal tank. 


According to exposure conditions, reinforced concrete 
supports may be made as a solid monolithic cylindrical 
shell (Fig. XI.54a), as a space frame (Fig. XI.54b),oras 
an open-work lattice structure (Fig.XI.55). Other things 


being equal, precast r. c. open-work lattice supports are 


less expensive than the other types. The cost of such supports 


is from two thirds to one half the cost of a solid in-situ sup¬ 


port, and one half to one third that of masonry supports. 


The cost of precast reinforced concrete and metal supports 
is about the same. 





Fig. XI.54. (a) Water tower with a solid in-situ reinforced concrete 
support, and ( b) water tower with a frame-typo precast reinforced 
concrete support 


/—reinforced 
1 —reinforced 


concrete fooling; 2—support; 3— semi-shelter (heated gallery); 
concrete tank; J—warmth-keeping Jacket around tank wall; «— 


Figure XI.54a shows a water tower using a reinforcet 
concrete support which is a monolithic shell cast in a rcusabb 
travelling form. The minimum shell thickness permittin; 
the form to be moved without causing tears in the concret 
considerably exceeds the value required by strength analysis 
so the cost of the entire structure rises considerably. Sue 
supports are attractive for towers at least 24 m high usin 
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large-capacity tanks (at least 800 m :i ). The shaft of the 
tower rests on a in-situ reinforced concrete footing having 
a circular rib running all the way round the shaft. 

Water towers using frame r. c. supports (Fig. X 1.54ft) 
are more economical of material than those with solid in-situ 
r.c. supports. They, however, are more labour-consuming 
because complex rigid joints have to be made between pre¬ 
fabricated members. 

Water towers using open-work lattice supports (Fig. XI.55a) 
are assembled from rhombic rod units (Fig. XI.55ft) and 
chord units (Fig. XI.55c). Each rhombic unit is preassembled 
from inclined struts and chords. All prefab members have 
reinforcement stick-ouls which are welded at the joints 
to steel plates during erection. After welding, the joints 
are concreted (Fig. XI.55d). 

The tanks, supports, footings, and shelters 'of water towel’s 
should be designed as prescribed in relevant chapters of 
this text. 

For the supports and footings, the main loads (Fig. XI.56) 
arc the weight of the water-filled tank 6’,, the dead weight 
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ol llie support G 2 , the dead weight of the footing and backfill 
over its top G s , the lateral wind pressur e applied to the shelter 
(tank) P lt and to the support P 2 . 

As a whole, the support is subjected to eccentrical com¬ 
pression due to G x and G 2 and to the bending moment induced 
by Pi and P 2 , which reaches 
its maximum at ^the footing, 
if the support is solid, strength 
analysis is carried out for 
its circular cross section. Fra¬ 
me and open-work lattice sup¬ 
ports are analyzed as space 
rod systems. 

The size of the footing base 
is designed^to carry the normal 
force and moment, depending 
on the bearing ^capacity of the 
soil. 

The tower as a whole is 
checked for stability, mentally 
assuming that it might over¬ 
turn about the external side Fig. XI.56. To the design of 
of the footing on the leeside a water tower 
(point A in Fig. XI.56). The 

overturning moment due to the wind and the moment of 
stability due to the weight of the component parts of the 
structure are found by 

= 2/yii and M„ = S«,a, 

The wind load is multiplied by the overload factor n = 1.3 
and the sell-weight of the structure (with the tank empty) 
is multiplied by the reduction factor n = 0.9. 

The coefficient of stability against overturning 
Ic = MJM 00 
should be at least 1.5. 





CHAPTER TWELVE 

DESIGN OF REINFORCED CONCRETE STRUCTURES. 
WORKED EXAMPLES 


XII. 1. General 

This chapter is concerned with the design and engineering 
of typical reinforced concrete structures used in water supply 
and sewage disposal systems. Most examples are given for 
rectangular reinforced concrete tanks assembled from pre¬ 
fabricated members. In particular we shall consider a 6000-m 3 
tank 36 m square (Fig. XII.1). This tank may have one of 
two precast, r.c. roofs: 

(1) a slab and girder roof consisting of ribbed slabs and 
girders with a column grid 6 m square (Fig. Xll.lb), or 

(2) a roof made up of slabs supported directly on columns 
with a column grid 4 m square (Fig. XII.lc). 

The slab and girder roof may have either non-prestressed 
slabs (see Sec. XI 1.2) or prestressed slabs (see Sec. XII.3), 
and a precast multispan girder (see Sec. XI 1.5). 

The roof with a column grid size of 4 X 4 m incorporates 
a square slab with ribs around the periphery (see Sec. XII.4). 
It also includes columns, footings (see Sec. XI 1.6), and 
walls assembled from prefab reinforced concrete panels (see 
Sec. XI 1.7). 

In addition, we shall discuss the design and engineering 
of a prestressed wall for a buried circular precast reinforced 
concrete tank (see Sec. XI1.8). 

X1I.2. Nonprcstressed Ribbed Roof Slab 

We set out to design a nonprestressed ribbed slab for the 
roof of Fig. Xll.lb, according to data in Fig. XII.2a. The 
weight of a square metre of the^slab is 275 kg. The concrete 
brand number is M-300, the service factor for the concrete 
is m cl = 1, and the load-bearing reinforcement of the ribs 
is class A-III bars. 
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Elective Span and Loads. As a first trial, we shall assume 
l* 10 ,J™ 1 owing cross-sectional dimensions of the girder: h = 
= = = ^0 cm anc * b = 0.5/* = 0.5 x 60 

^=30 cm. Since the slab rests on the girder flanges, 


/T a ^l c XII. 1. Characteristic and Design Loads 
(in Terms of the First Group of Limit States) 
_ Per Square Metre of the Roof 


Loads 

Characteristic 
load, kef m-2 
<N m-i) 

Overload 

factor 

Design load, 
kef 

(X a*--’) 

Dead : 

precast r.c. rool slabs 

27. r ) (2 750) 

1.1 


cement covering u.025x 

55 (550) 

1.3 

71 (710) 

water proofing 

10 (100) 

1.3 

13 (130) 

backfill over roof lx 
xl 700 

1 700 (17 000) 

1.2 

2040(20400) 


2 040(20 400) 

- 

1 430 (24 300) 


100(1 000) 

1.4 

140 (1 400) 


150 (1500) 

1.4 

•0 (2100) 



Maximum total load 

2 190 (21900) 

- 

2040(26400) 


according to Fig. XII.6, we take the slab length as / 5( = 
= 555 cm and the length of the support area as 10 cm. 
The effective span of the slab will consequently be /„ = 
= 555 — 10 — 545 cm. 

The charclerislic and design loads are given in Table XII.1. 
In terms of the first group of limit states, the total design 
load per metre run or the slab of nominal width 1.5 m is 
q ■ 2 (540 X 1.5 - 3 000 kgf m' 1 (39 600 N in' 1 ) 


Fig. XI 1.2. Hibhod roof slab 

(n) formwork dimensions; (/>) distribution of reinforcement in non-prcstrcssei 
slab; (c) distribution of reinforcement in prestressrd slab; 1—embedded stec 
plate at support 
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The characteristic load per metre run of the slab in kg! nr 1 
(N m _1 ) is ns follows: 


— dead load 

— long-time live snow load 

-short-time live load (ns on a 
maintenance platform) 

— maximum total characteristic load 


d'h ^ 2 040x1.5 
= 3 060(30 COO) 

Pm -(100 — 70) X 1.5 
= 45(450) 

Psh-t — 150x1.5 
-- 225 (2 250) 

-3 285 (32850) 


Materials. For M-300 concrete, Appendices III, IV, and V 
give: Rp‘ r = Rprii = 170 kgf cm -3 (17 MPa), /?*'*„ = 
= Rtenii = 15 kgf cm" 2 (1.5 MPa), R pr = 135 kgf cm’ 2 
(13.5 MPa), Rten = 10 kgf cm -2 (1 MPa), and E c = 
= 290 000 kgf cm- 2 (29 000 MPa). 

The reinforcing steel (welded-bar mats) for the ribs is as 
follows. Longitudinal load-bearing reinforcement: class A-1IJ 
bars at least 10 mm in diameter, R s -= 3 GOO kgf cm"* 
(360 MPa), and E„ = 2 000 000 kgf cm' 2 (200 000 MPa); 
transverse and erection reinforcement: class A-I bars, 
R s = 2 100 kgf cm- 2 (210 MPa), /?., Ir -= 1700 kgf cm - * 
(170 MPa), and E s _ tr = 2 100 000 kgf cm' 2 (210 000 MPa) 
(see Appendix VI). The reinforcing steel (welded-wirc fabric) 
for the slab comprises class B-I wire with R s = 3 150 kgf cm" 2 
(315 MPa) (see Appendix VII). 

A. Design in Terms of the First Group 
of Limit States 

Determining the Rib Cross-Sectional Area. Experience shows 
that the optimal depth of nonprestressed ribs, h, ranges 
between /„/14 and / 0 /18 (where /„ is the effective span). 
Because the load imposed on the slab is heavy, we adopt 
h = / 0 /14 = 545/14 « 40 cm and assign the width of the 
rib at the bottom as 8.5 cm. 

Assuming that the tensile reinforcement is placed in 
two rows, we gel the effect ive depth of Iho'rih as h 0 — h — a = 
= 40 — 7 -• 33 cm. The total width of the ribs in the slab 
(with allowance for the rib bevels) is 6 » 22 cm. 
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Now, we check the ribs for compliance with Ihc condi¬ 
tions m Eqs. (VI.34) and (VI.35): 

< Q < 0.35 Ii pr bh 0 (where Q = 0.5?/,) 

9.6 X 10 X 22 x 33 < 0.5 X 3 960 X 5.45 < 0.35 X 135 
X 22 x 33 

4 350 kgf (45.3 kN) < 10 800 kgf (108 kN) 

<34 300 kgf (343 kN) 


As is seen, the cross-sectional 
acceptable, and the transverse 
reinforcement in them is 
required by design. 

Normal-Section Strength 
Analysis. The maximum ben¬ 
ding moment (at midspan) is 
given by 


dimensions of the ribs arc 
£ fhtSO 


t-L 

: °i_ 

tl 

S 

Fs 

m 


M = qiy 8 = 3 960 x 5.45V8 
--= 14 700 kgf m (147 kN m) 


Fig. XII.3. Design cross sec¬ 
tion of ihc slab 


For design purposes, we adopt a T-section (Fig. XII.3) 
with all of the flange width b) = 150 cm taken into conside¬ 
ration (see Sec. VI.3). The section is analyzed as a rectangle 
of width hf and depth h 0 . Equation (VI.13) yields 
A 0 = M/b',h*R pr = 1 470 000/(150 X 33 2 x 135) = 0.067 
ri For/l 0 = 0.067, Table VI.1 gives £ = 0.07 and-q = 0.965. 
Thus, the depth of the compression zone x = £h 0 = 0.07 / 
X 33 - 2.3 cm is smaller than the flange depth h) = 5 cm. 

Equation (VI.14) gives the following cross-sectional area 
of the longitudinal reinforcement 
F, = Mfy\h 0 li s = 1 470 000/(0.965 X 33 X 3 600)=12.8 cm 2 
We adopt two class A-III bars 20 mm in diameter aud 
two class A-III bars 22 ram in diameter of total area F s = 
— 13.88 cm 2 (see Appendix VIII), and distribute them in 
the ribs in two rows as shown in Fig. XII.2/>. 

Inclined-Section Strength Analysis. The maximum shear¬ 
ing force (at the support) is given by 
Q = 0.5 ql 0 = 0.5 X 3 960 X 5.45 = 10 800 kgf (108 kN) 
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Each rib is assumed to be reinforced with one welded-bar 
mat (Fig. XII.26). We adopt two transverse bars of dia¬ 
meter d tr = 8 mm (f tr = 0.5 cm 2 ) and of total [area \F iT = 
= f tT n = 0.5 X 2 = 1 cm 2 . 

According to Eq. (VI.43), the design force per metre 
run of the rib, carried by the transverse bars, is 
q lr = QVAkMlR tcn = 10 800 2 /(4 X 2 X 22 X 33 2 XlO) 

= 61 kgf cm -1 (610 N cm -1 ) 

It should not be less than 

q lT = Rt en b/2 = 10 X 22/2 = 110 kgf cm" 1 (1 100 N cm' 1 ) 

Equation (VI .44) gives the centre-to-centre distance be¬ 
tween the transverse bars as 

u = R Si tr F tr /q tr = 1 700 X 1/110 = 15.5 cm 

According to Eq. (VI.45) 

Umax = O.lSkiR tcn bh*IQ = 0.75 x 2 x 10 x 22 x 33 2 /10800 
= 33 cm 

For structural reasons (see Sec. VI.1), it ^ hi 2 = 40/2 = 
= 20 cm, or u ^ 15 cm. 

We adopt the least of these values, u = 15 cm, for the 
rib portion at the support, l 0 Ui long. 

In the middle of the span, we take u = 3/4 h = 3 X 40/4 = 
= 30 cm (see Fig. XII.26). 

Slab Design. The clear space between the longitudinal 
ribs is l x = 148.5 - 2 X 12 « 125 cm and that between 
the transverse ribs is l« = 135 — 2 x 5 = 125 cm. The 
aspect ratio is l x IU = 1, so the slab^is regarded as working 
two-way. For design purposes, we shall allow for the fixed 
onds*of the slab,'and assume that the reinforcement in the 
span’.’and at the'supports'is^the'same.^ 

Taking into consideration the self-weight of the slab 
and recalling the data^of Table XII.1, we may write the 
design load per square metre of the slab 5 cm thick as 

7 = 0.05 X 2 500 X 1.1 + (71 + 13 + 2 040) + 210 
« 2 475 kgf m- 2 (24.75 kN m" 2 ) 
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Assuming that the slab is reinforced with wclded-wirc 
fabric we determine the design bending moment at the sup¬ 
port and in the span as prescribed in Sec. X.2: 

M =■ flf/;/42 = 2 475 X 1.25V42 = 81 kgf m (810 N m) 

The design cross-sectional dimensions of the slab are 
h 0 = h a = 5 — 2 = 3 cm and b = 100 cm. Equation 
(VI. 13) gives 

A 0 = M/bh*R pr = 8 100/(100 X 3* X 135) = 0.067 

For this value of A 0 , Table VI.1 gives i| = 0.965. Equa¬ 
tion (VI.14) gives the cross-sectional area of the reinforcing 
steel 

F, = Mlr\h 0 JR 8 = 8 100/(0.965 X 3 X 3 150) = 0.89 cm 2 

Because the ribs contribute to the strength of the slab 
as a whole, this cross-sectional area may be reduced by 
20% (see Chap. X). 

In the span, we adopt a wclded-wire fabric 200/200/5/5, 
1 300 mm long, 5 400 mm wide, and having load-bearing 
wires of area F„ ■— 0.98 cm* in either direction. Above 
the longitudinal ribs, we adopt a welded-wire fabric 
250/150/3/4 , 550 mm wide, 5 200 mm long, and of area 
F s = 0.84 cm* in the transverse direction. 

B. Design in Terms of the Second Group 
of Limit. States 

The short-time characteristic load accounts only for 
/>X= (225/3 285) :< 100 = 0.8% 

of the total characteristic load. So, we shall assume that 
all of the load is applied for a long time. 

Slab Sag. The total design lod is equal to the characteris¬ 
tic load taken with the overload factor n — 1 applied, and 
is regarded as a long-time load qu = 3 285 kgf ni _I . 

The sag is determined at midspan where the bending 
moment is 

M ii = r/n/j/8 = 32.85 X 545V8 
= 1 220 000 kgf cm (122 kN m) 
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For design purposes, we shall assume a T-seclion 
(Fig. XI 1.3). Since the reinforcing steel present does not 
practically affect the results, we shall not take it into con¬ 
sideration in design calculations. 

The cross-sectional area of the slab is 

f tr ^ /,• = 22 X 40 + 128 X 5 = 880 -f 040 = 1 520 cm 1 

The static moment about the lower side of the section 
is given by 

S tr » S = 880 X 20 + 040 X 37.5 
= 17 000 -l- 24 000 = 41 000 cm 3 

The distance from the bottom side of the section to the 
centroid is 

y c = Si!' 41 (500/1 520 - 27.4 cm 

The moment or inertia of the section is given by 

./„«/-23 X « f 22 - ',0 ' 7.S* + 128 X SVI2 
+ 128 X 5 X 10.1- = 220 520 cm 4 

The moment of resistance about the tensile face of the 
section is 

W 0 - J!y c — 220 530/27.4 ** 8 250 cm 3 

The moment of resistance of the section with allowance 
for the inelastic strain in the concrete of the tension zone 
is found from Eq. (VI.07) where y == 1.5 (see Table VI.2). 

W cr = yw 0 = 1.5 X 8 250 = 12 380 cm 3 

Heferring to Fig. VI.21, e 0 _, ir = ;/ c — a — 27.4 — 7 = 

20.4 cm 

Using Eqs. (VJ.81) through (VI.8(5) and the dimensions 
of the design cross section (see Fig. XII.3), we find the 
necessary auxiliary quantities. In doing so, we must re¬ 
member that the compression zone has no reinforcement, 
f' t = 0, and that the slab is nonprestressed and carries no 
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longitudinal force: 

M„ = /Wf„ - M, N, - 0, Mi, = 0 
n = EJEr = 2 x 10*/(0.29 x 10*) = 8.11 
H =* PJbh, = 13.88/(22 X 33) = 0.019 
T' “ V>) — b) h'llbh „ - (150 - 22) X 5/(22 x 33) = 0.88 
T - v' (1 - bfl2h 0 ) = 0.88 [1 - 5/(2 x 33)1 - 0.81 
■L = Malbh‘n p , n = 1 220 000/(22 x 33* x 170) - 0.3 

i = 1/(1-8 + 11 + 5 (i + 7 )1/10 fin) 

= 1/(18 + [1 + 5 (0.3 + 0.81)1/(10 X 0.01!) X 6.!))) 

- 0.147 

i, - A. II - (nV*. + 6*)/2 If' + 6)1 
= 33 (1 - (0.88 X 5/33 + 0.147*)/I2 (0.88 4- 0.147)1 

— 33 X 0.02 = 30.3 cm 

"1 “ «,„,i»', r /M^ = 15 X 12 380/1 220 000 = 0.152 
t, 1.25 — sm = 1.25 - 0.8 X 0.152 - 1.13 

which is larger than 1, so we adopt t|) s = 1. 

Equations (VI.89) and (VI.89a) give the flexural rigidity 
of the slab 

B = /i.fSjIsV'ViM 1 ~ Zj/e,.„) H- ip c r 5t C 1 

= 33 X 30.3 X 2 X 10* X 13.88/(1 + 0.9 X 0.86) 
= 15.6 X 10® kgf cm 2 (1.56 X 10® MPa cm 4 ) 

where e,, Q1 , = oo (no prestress, N„ = 0), v = 0.15 (for long¬ 
time loading), o|) c = 0.9, and 

r 5 . c - E,FJ(y' -|- |) bh 0 E c v 

= 2 X 10 6 x 13.88/1(0.88 + 0.147) x 22 x 33 x 0.29 x 
x 10® x 0.15] = 0.86 


The maximum slab sag at midspan, induced by the uni 
formly distributed load qu = 3 285 kgf m _1 (32.85 kN ni _1 ) 
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is calculated as for a simply supported single-span beam: 
I = (5/384) <,„/;« - 5 X 32.85 x M5*/(381 X 15.0 X 10’) 
= 2.41 cm 

which is less than the maximum safe value f = 2.5 cm for 
5 m ^ l ^ 10 m (see Sec. VI.6). 

Crack-Opening Analysis of the Slab Ribs. This structure 
has to meet the requirements of the third category of crack¬ 
ing-resistance. This means that the maximum width of 
cracks under long-time loading with the overload factor 
n = 1 is a cr i-i = 0.3 mm. 

Equation (VI.90), where N 0 = 0 (no prcslress), gives 
the stress in the reinforcing steel at midspan: 
a, = .1 /ii/^z, = 1 220 000/(13.88 X 30.3) 

= 2 900 kgf cm" 2 (290 MPa) 

The width of normal cracks is found from Eq. (V.13), 
where k = 1, c,- ( = 1.5 (long-time loading), r| = 1 (defor¬ 
med bars), and p = 0.019: 

■,,(■■)= {oJF.,) 20(3.5—100.0 V 

= 1x1.5'MX [2 900/(2 x 10*)) 

... 20 (3.5 - 100 x 0.019) j/22 = 0.195 mm 

which is smaller than the maximum safe value, a cr , 

= 0.3 mm. 

The width of inclined cracks at the design rib section 

lying within the distance h„ of the support is found from 

Eqs. (VI.91) and (VI.94) where the load is assumed to he 

acting forTa long time, N 0 = 0 (no prestress), p„ = 0 (no 

bent-up bars), and rf max = d st = 8 mm (stirrup diameter): 
()„ = <7u (0.5/ 0 - h 0 ) = 32.85 (0.5 X 545 - 33) 

--= 7 870 kgf (78.7 kN) 
t = Q u lbh 0 = 7 870/(22 X 33) = 10.8 
.U,ran S 0 = P»l = F °t lbu = 1/(22 X 15) = 0.003 03 

k = (20 - 1 200 n lrana „) 10 3 

* (20 - 1 200 X 0.003 03) X 10 s = 16.3 x 10 8 
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a er (aim) — cj.j/c l/i 0 + 3U</ mnx (inm)l t|P/|ii ron , c £5 
= 1.5 X 10.3 X 10 3 (330 + 30 X 8) X 1 
X 10^/(0.003 03 X 2.1 2 x 10 12 ) = 0.12 mm 

which is smaller Ilian Ihc maximum safe value, a er 
= 0.3 mm. 

^Supplementary Calculations. In addition to the design 
calculations carried out above, it is necessary to calculate 
the anchorage of the longitudinal reinforcement of the slab 
ribs at the supports, determine the dimensions of the welds 
connecting the longitudinal steel to the supporting embedded 
steel parts, check the slab for erection loads, find the neces¬ 
sary cross-sectional area of lifting eyes, check the slab for 
strength in transit and erection, etc. 

No matter how important they may bo, these calculations 
do not usually affect the design of the slab. They are obli¬ 
gatory in the design of real structures, but are not discussed 
in detail in this text. 

XII.3. Prestressed Ribbed Roof Slab 

We are lo_dcsign a ribbed roof slab with the ribs congested 
with prestressed longitudinal reinforcement The necessary 
dimensions aregiven in Fig. X11.2a. 

The concrete brand is M-400, R pr = 175 kgf cm" 2 
(17.5 MPa), R prll = 225 kgf cm" 2 (22.5 MPa), R itn = 
- 12 kgf cm- 2 (1.2MPa), R tenll = 18 kgf car 2 (1.8 MPa), 
E c = 0.33 X 10° kgf cm- 2 (0.33 X 10 s MPa) (Appendices V 
and VI), tn cl = 1 (the slab is to be exposed to an ambieut 
humidity of more than 75%), and the transfer strength of 
the concrete is R 0 = 300 kgfjan" 2 (30 MPa). 

The load-bearing reinforcement of the slab consists of 
class A-1V deformed bars jwitli R, = 5 000 kgf cm' 2 
(500 MPa), R a u = 6 000 kgf cm' 2 (600 MPa), and E, = 
= 2 X 10° kgf cm' 2 (2 X 10 5 MPa) (Appendix VI). The ser¬ 
vice factor for steel having no definite yield is m ti > 1. 
The slab is pretensioned by electrical heating. The slab 
is heat-cured, and the difference in temperature between 
the steel and the forms (according to Manufacturer’s data) 
is A l = 20°C. In the zone subjected to compression under 
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load, llio slab has no preslressed reinforcement, F' Pr = o. 
Tho slniclui'c should moot the third category of cracking, 
resistance requirements, that is, cracks may open for a long 
time as wide as a er _ j. ( = 0.3 mm, with the load multiplied 
by the overload factor n = 1. 

A. Design in Terms of the First Group 
of Limit States 

We determine the cross-sectional dimensions of the ribs, 
check the ribs for inclined-section strength, and design 
the slab proper according to Sec. XI1.2. 

Then we check the slab for normal-section strength. On 
the basis of trial calculations (omitted here), we adopt four 
class A-1V longitudinal bars 10> mm in diameter of area 
F pt = 8.04 cm 2 (see Appendix VIII). The design section 
for normal-section strength analysis is that at midspan. 

As a first trial, we determine the depth of the compres¬ 
sion zone for ra s4 = 1, using Eqs. (Vf.2) and (VI.9): 

*= F pr B s m si /bfR pr 

= 8.04 x 5 000 X 1/(150 x 175) -- 1.54 cm 

For /*„ — 35 cm, the relative depth of the compression 
zone is 

| = x /h 0 = 1.54/35 - 0.044 
Equations (VI.5) through (VI.7) give £„ 

a A = R s + 5 000 = 5 000 5 000 

= 10 000 kgf cm- 2 (1 000 MPa) 

= 0.85 - 0.000 8R pr =-- 0.85 - 0.0008 x 175 = 0.71 
In ^ So/ll + o A (i - 5 0 /l.l)/5 0001 

= 0.71/11 + 10 000 (1 - 0.71/1.l)/5 0001 = 0.415 
Using Eq. (VI.4), we determine the service factor for 
high-strength steel, where m s4 for class A-IV reinforcement 
is taken as 1.2 (see Sec. VI.3): 

t»«t = m, 4 — (/»,* — 1) i/| n 
- 1.2 - (1.2 - 1) 0.044/0.415 = 1.18 



__ XII-3, Prestressed Ribbed Roof Slab _ 310 

Equation (VJ .9) gives the deptl^of the compression zouo x 
lor m a4 — 1.18 

x = x < m , 4 =i) »*4 = 1.54 X 1.18 = 1.82 cm 
which is smaller than 

= 0.415 X 35 = 14.5 cm 

The slab is checked for strength subject to the condi¬ 
tion in Eq. (VI.11). The load-bearing capacity of the slab 
in terras of the bending moment 

I' PT H s rn si (h 0 — 0.5a:) = 8.04 X 5000 X 1.18(35-0.5 xl.82) 
= 1 615 000 kgf cm (161.5 kN m) 
exceeds the design bending moment M = 1 470 000 kgf cm 
(147 kN m). 


B. Design in Terms of the Second Group 
of Limit States 

Determining the Prestressing Force. The tensile preslress c 0 
in the prestressed reinforcement is adopted as prescribed 
in Sec. 111.2 as a maximum safe prestress for reinforcing 
bars of length / « 6 m, pretensioned by electrical heating. 
The inaccuracy of tensioning taken in design calculations is 
P = 300 + 3 600/Z = 300 + 3 600/6 = 900 kgf enr* (90 MPa) 
Equation (III.8) gives the prestress 
°o = Urn — p = 6 000 - 900 = 5 100 kgf cm' 2 (510 MPa) 

Early Losses. The losses due to the relaxation of stress 
in bar reinforcement tensioned by electrical healing are 
given by 

a x = 0.03 <j 0 = 0.03 X 5 100 = 153 kgf cm' 2 (15.3 MPa) 
The losses due to the temperature difference in the course 
of curing are 

o 2 = 12.5AZ = 12.5 X 20 = 250 kgf enr 2 (25 MPa) 
The losses due to the deformation of anchors o^ r,) and 
forms o 5 are not taken into consideration for tensioning 
by electrical heating, because they have already been accoun¬ 
ted for in determining steel elongation. 
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With allowance for all the above losses, the prestress and 
the prestressing force arc given by 

a„, = o 0 — <Tj — a 2 = 5 100 — 153 — 250 
= 4 097 kgf cm “ 2 (4(59.7 MPa) 

N 0 i = 0 O j F vr 558 4 697 X 8.04 = 37 800 kgf (378 kN) 

With the values of F, J, and y c taken from Sec. XII.2, 
the stress in the concrete at the centroid of the tensile steel 
is given by 

tfc.„r = (N 01 /F + N 0l elJj) 

- (37 800/1 520 -| 37 800 X 22.4 2 /220 530) 

=-■ 108.0 kgf cm-* (10.8(5 MPa) 

where e 0l = y c — a pr = 27.4 — 5 — 22.4 cm. 

Because <j c . p r /U 0 — 108.0/300 = 0.30 < 0.0, the losses due 
to high-rate (instantaneous) creep are calculated using the 
first line of Eq. (111.21) with the coefficient 0.85 which 
accounts for the heat curing of the concrete: 

<j 0 = 0.85 X 500o c f , r //? 0 = 0.85 X 500 x 0.30 
— 153 kgf cm " 2 (15.3 MPa) 

Thus, the early losses are equal to 

i = Ot + o* + 0 C = 153 -!- 250 |- 153 
—- 55(5 kgf cm -2 (55.0 MPa) 

Late Losses. According to Table 111.2, the losses due to 
shrinkage are 

o<P"> = 350 kgf cm ' 2 (35 MPa) 

Recalling the previous calculations, the losses due to 
creep are found from Eq. (111.22) 

0 (p«) = 0.85 X 2 000 X 0.30 = 011 kgf cm * 2 (61.1 MPa) 

So, the late losses are given by 

a tos8 2 = o<p"> + 0 tP~> = 350 -|- 011 
= 901 kgf cm - 2 (90.1 MPa) 



The prestress in the reinforcing steel with allowance for 
all losses is 

O02 = loss l T O loss 2) 

= 5 100 — (556 -f 961) = 3 583 kgf cm-* (358.3 MPa) 
The prestressing force is 

No* = O02Ppr = 3 583 X 8.04 « 29 000 kgf (290 kN) 
Normal-Cracking Analysis of the Slab Ribs. Equation 
(VI.65) (see Fig. VI.21 and the data for Wo and F in 
Sec.XII.2) gives 

r k = 0.8 W 0 JF lr « 0.8 x 8 250/1 520 = 4.4 cm 

According to Eq. (VI.66), the moment induced by the 
internal forces in the tension zone immediately before crack¬ 
ing is 

M er — Rfcn XI W er + M h pr = ■ftfenllW'cr + m aC /V 0l (*01 + * 7 .) 

= 18 X 12 380 + 0.9 X 29 000 (22.4 + 4.4) 

= 223 000 + 700 000 = 923 000 kgf cm (92 kN m) 

The moment induced by the external forces M) xl = M U = 
= 1 220 000 kgf cm (122 kN m) (see Sec. XII.2). Since 
M*xt > Mcr (see the condition of Eq. (VI.64)], normal 
cracks occur in the slab. 

Slab Sag. The design bending moment and the geometrical 
characteristics of the slab section have been found in 
Sec. XII.2: 

Mu = 1 220 000 kgf cm (122 kN m) 

F = 1 520 cm 2 
5 = 41 600 cm 3 
y c = 27.4 cm 
J = 226 530 cm 4 
Wo — 8 250 cm 3 j 
W er = 12 380 cm 3 
e 0tPr = 20.4 cm 
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Equations (VI.81) through (VI.88) give the necessary 
auxiliary quantities 

ra = E t IE e = 2 X 10®/(0.33 X 10") = 6.1 
H = FJbh o = 8.04/(22 X 35) = 0.01 
T ' _ ((,; _ 6) h'flbh, = (150 - 22) X 5/(22 X 35) - 0.83 
T = Y (1 — h;i2h e ) = 0.83 [1 - 5/(2 X 35)1 = 0.77 
£ - M n lbh\R rr „ - 1 220 000/(22 X 35 2 X 225) - 0.2 
E = 1/{1.8 + (1 + 5 (£ + r)!/10(*n} 

= 1/{1.8 + 11 + 5 (0.2 + 0.77)1/(10 X 0.01 X 6.1)) 

= 0.088 

I, - Ml - + i‘V 2 (v' + E)) 

= 35 (1 - (0.83 X 5/35 + 0.088 s )/(2 (0.83+0.088)1) 
= 35 X 0.93 - 32.5 cm 
e, % „ - M„IN„ = 1 220 000/29 000 - 42 cm 
s ttO0 lh 0 = 42/35 = 1.2, but, according to a relevant stan¬ 
dard, this ratio should be not less than 1.2/s = 1.2/0.8 = 1.5 
(where s is taken as 0.8 for long-time loading); 

m = R tenll W cr /(M* xl - Mp r ) 

= 18 X 12 380/(1 220 000 - 720 000) = 0.45 

where 

= N ot (e 0 , pr + r h ) = 29 000 (20.4 + 4.4) 

= 720 000 kgf cm (72 kN m) 
ij>, = 1.25 — sm — (1 — to 2 )/[(3.5 — 1.8 m) e t% av lh 0 
= 1.25 - 0.8X0.45 - (1 —0.45 2 )/t(3.5 - 1.8 X 0.45)1.5] 
= 0.69 

Equations (VI.89a) and (VI.89) give the flexural rigidity 
of the slab 

r., c = E t F t /(y' + |) bh 0 E e v 

= 2 X 10® X 8.04/1(0.83 + 0.088) 22 X 35 X 0.33 
X 10® X 0.15] = 0.46 



XII.3. Prestressed Ribbed Roof Slab 


B = h 0 z t E t F t /[yp t (1 —zje tt a0 ) + i|> e r, t e ] 

= 35 X 32.5 X 2x 10* X 8.04/10.69 (1 - 32.5/42) + 0.9 
X 0.46] = 32.2 X 10" kgf cm" 2 (3.22 X 10* MPa) 

At ( 7 xi = 32.85 kgf cm -1 (328.5 N cm* 1 ), the maximum 
sag at midspan is 

/ = (5/384) q n l*IB = 5 X 32.85 X 545 4 /(384 X 32.2 X 10 s ) 
= 1.17 cm 

This is smaller than the maximum safe value / = 2.5 cm 
(see Sec. VI.6) for 5 m ^ ^ 10 m, even without taking 
into consideration the hog due to prestressing, so it need 
not be calculated. 

Normal Crack-Opening Analysis of the Slab Ribs. The 
stress in the longitudinal reinforcement is determined from 
Eq. (VI.90) where M = M n , N 0 = N oz , and e t%pr = 0 
(the distance from N „ to the tensile reinforcement): 
a, = IM — N 0 (z 1 — e tt pr )]/E t z 1 

= (1 220 000 — 29 000 X 32.5)/(8.04 X 32.5) 

= 1 070 kgf cm- 2 (107 MPa) 

The width of normal cracks is found from Eq. (V.13), 
where k = 1, c/. ( = 1.5, t| = 1, p = 0.01, and d = 16 mm 

a cr (mm) = kc t .ii] (oJE,) 20 (3.5 — lOOp) ,/d (mm) 

= 1 x 1.5 x 1 [1070/(2 x 10®)] 
x [20 (3.5 —100 x 0.01)] j/Tl) = 0 .1 mm 

which is smaller than the maximum safe value, a er 
= 0.3 mm. 

Inclined Crack-Opening Analysis. According to an ap¬ 
propriate standard, inclined crack-opening analysis is car¬ 
ried out for sections lying within at least the distance 
h 0 of the support. At this distance, the shearing force (for 
n = 1) is <? n = 7 870 kgf (78 700 N) (see Sec. XII.2). 
The region to be checked is chosen at the centroid of the 
section. The normal stress induced by the prestressing forc< 
in the concrete is 

o x = NJF tr « 29 000/1 520 = 19 kgf cm' 2 (1.9 MPa) 
21* 
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The tangential stress is 

i xv = <?ii S tr lJ, r b » 7 870 X 41 600/(226 530 X 22) 

= 65.7 kgf cm ' 2 (6.57 MPa) 

The principal tensile and compressive stresses are given 
by Eq. (VI. 68 ), where <j„ = 0: 


) = 0.5o„ ± /0.25 o} + tJ» 

’ =0.5xl9±K0.25xl9* + 65.7* 

f 75.2 kgf cm -2 (7.52 MPa) (compression) 

= ( -56.2 kgf cm ~ 2 (-5.62 MPa) (tension) 

Since Oprinc, ten = 56.2 kgf cm - 2 (5.62 MPa) > = 

= 18 kgf cm " 2 (1.8 MPa), we may infer that inclined cracks 

will occur in the slab. . ,. . 

Inclined Crack-Opening Analysis. 1 he width of 
sections in the rib is given by Eqs. (VI.91) through (VI.94) 
where = 0, = 0.003, I, = 10.4 x 10>, and 

= 8 mm as in Sec. XII.2: 


t = Qlbh 0 - 0.25 N 0 IF 
= 7 870/(22 X 35) - 0.25 X 29 000/1 520 
= 5.4 kgf cm -2 (0.54 MPa) 


O er = Ci-jft (Hq -f- 30dmax) 

= 1.5X16.4X10* (350 + 30 X 8 ) 


x 1 x 5.4M0.003 (2.1 


X 10 6 ) 2 1 = 0.032 mm 

which is smaller than the maximum safe value a er . l-« 
= 0.3 mm. 

Supplementary Calculations. We shall omit supplemen¬ 
tary calculations concerned with the strength and crack¬ 
ing-resistance analysis of the ribs near supports and that 
of the slab proper in the transfer of the prestress, transit, 
and erection. 


X1I.4. Square Roof Slab 

We are to design a square slab for a tank roof, having nom¬ 
inal dimensions of 4 X 4 m, with ribs round the perimeter, 
and supported directly on columns at the corners (see 
pigs. XII.l and XII.4). 



As a first trial, we choose the following rib dimensions 
h = II 10 = 400/10 = 40 cm and b = 0M = 0.4 x 40= 
= 16 cm. 

We assume that the rib is 15 cm wide at the bottom and 
20 cm wide at the slab bottom. The slab is taken to be 
10 cm thick. The weight of a square metre of the slab is 
250 kg. 

The concrete brand is M-300, R pr = 135 kgf cm - * 
(13.5 MPa), R ten — 10 kgf cm -2 (1 MPa) (see Appendix IV), 
and m n = 1. The welded fabric and longitudinal load- 
bearing reinforcement of the welded-bar mats in the ribs 



Fig. XII.4. To the design of a square roof slab 


consists of class A-III deformed bars: R s = 3 400 kgf cm -2 
(340 MPa) for d = 6 to 8 mm and R„ = 3 600 kgf cm -2 
(360 MPa) for d = 10 to 40 mm. The transverse and erec¬ 
tion reinforcement is class A-I steel: = 2 100 kgf cm -2 
(210 MPa) and R t , lr = 1 700 kgf cm' 2 (170 MPa) (see 
Appendix VI). 

Strength Analysis of the Slab Proper. The design load 
per square metre of the slab is determined as for the ribbed 
slab of Sec. XI 1.2 (see Table. XII.1). In this case, we have 
q = 2 620 kgf m -2 (26 200 N m" 2 ) (for the first group of 
limit states). 

The effective span of the slab is taken as the clear space 
between the longitudinal ribs, l 0 = 398 — 20 X 2 = 358 cm. 

We determine the bending moment in the span, M sp 
and the bending moment at the support, M sup , as prescribet 
in Sec. X.2, assuming that the moments at the suppor 
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and in the span are equal and that half of the lower bars are 
cut off within 1/4 of the supports: 

M = M, p = M lup -- ql*IA 2 

= 2 620 X 3.58 a /42 = 800 kgf m (8 000 N m) 
The effective depth and the design width of the slab are 
h 0 = h-a = 10 — 2 = 8 cm 
b = 100 cm 
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Equation (VI.13) aod Table VI.l give 
A o = MlR pr bh\ 

= 80 000/(135 X 100 X 8*) = 0.093 
ri = 0.952 

Equation (VI.14) yields 

F, = M/R t rft 0 = 80 000/(3 400 X 0.952 X 8) = 3.1 cm* 
We adopt two pieces of welded-wire fabric 
200/200/7/ 7 , 200/200/7/7 

3800 X 3800 ana 2 206x2 200 

of area F a = i .93 X 2 = 3.86 cm* in the span, and one 
piece of welded-wire fabric 

250/100/4/7 

1250X3900 

of area F, = 3.86 cm* at the supports. 

The distribution of reinforcement in the slab is shown 
in Fig. XII.5a. 


A. Design In Terms of the First Group 
of Limit Stales 

The design load per metre run in the middle of the slab 
rib (see Fig. XII.4) is as follows: 

—the maximum distributed triangular load due to the 
slab proper 

q = 2 620 X 2 = 5 240 kgf m' 1 (524 kN nr 1 ) 

—the uniformly distributed load due to the self-weight of 
the rib 

g.-u, = 0.5 (0.15 + 0.2) 0.3 X 2 500 X 1.1 
= 168 kgf m- 1 (1.68 kN nr*) 

The effective span of the slab rib is 

l 0 = 400 — 15 = 385 cm 
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The bending moment and shearing force induced by the 
design loads are given by 
M = qiy i2 + g s . w lp8 

= 5 240 X 3.85V12 + 168 X 3.85 2 /8 
= 6 480 + 310 = 6 790 kgf m (67.9 kN m) 

Q = qW + S'-M 2 
= 5 240 X 3.85/4 + 168 x 3.85/2 
= 5 050 + 325 = 5 375 kgf (53.75 kN) 

- Normal-Section Strength Analysis. As prescribed in 
Sec. VI.3, analysis is carried ou*. for the flange of a T-section 
b‘ f = b + Qhf = 20 + 6 X 10 = 80 cm 

which is smaller than /„/3 = 385/3 = 128 cm. 

The effective depth of the rib is 

h 0 = h — a = 40 — 4 = 3H cm 
The T-section is analyzed as a rectangular section of 
width b = 80 cm by Eqs. (VI.13) and (VI. 14) and using the 
data of Table VI.1, because the neutral axis obviously 
lies within the flange. Accordingly, we get 

A 0 = MIB pr bh* = 679 000/(135 X 80 X 36 2 ) = 0.049 
q = 0.975 

F, = M/R s r\h 0 = 679 000/(3 600 X 0.975 X 30) = 5.37 cm* 

We adopt one class A-III bar 28 mm in diameter of area 
F, = 6.16 cm* (Appendix VIII). 

Inclined-Section Strength Analysis of the Rib. Let us 
check if the conditions defined by Eqs. (VI.34) and (VI.35) 
are satisfied at b T = 17.5 cm (the average width of the rib): 
t cn b r h 0 ^ Q ^ 0.35 R pr b r h „ 

0.6 X 10 X 17.5 X 36 < 5 375 < 0.35 X 135 X 17.5 X 36 
3 780 kgf (37.8 kN) < 5 375 kgf (53.75 kN) < 29 700 kgf 
(297 kN) 

As is seen, the rib is sufficiently wide and should have 
transverse reinforcement. For each rib, we adopt one welded- 
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bar mat (n = 1) (see Fig. XII.5 b) with class A-I transverse 
bars oi.diameter d, -10 mm (F„ = 0.785 cm>> [the eon- 
dition for weldability with longitudinal reinforcement 28 mm 
in diameter is met (see Table 11.2)1. Equation (VI.43) 

Qtr = ten = 5 375 2 /(4 X 2 X 17.5 X 36* X 10) 

= 16 kgf cm -1 (160 N cm -1 ) 
but not less than 


qtr = RtenbrIZ = 10 X 17.5/2 = 87.5 kgf cm -1 (875 N cm -1 ) 

The spacing of the transverse bars is given by Eqs. (VI.44) 
and (VI.45) as 

u = R s , tr F t , ir /q tr = 1 700 X 0.785/87.5 = 15.3 cm 

“max = 0.75k 2 R ten bhl/Q 

= 0.75 X 2 X 10 X 17.5 X 36*/5 375 = 63 cm 

For structural reasons, the spacing should be taken to be 
not larger than hi2 = 40/2 = 20 cm, nor larger than 15 cm, 
whichever is the smaller. 

We adopt u = 15 cm (the least value) at the supports 
and u = 3/4 h = 30 cm at midspan. 

The distribution of the rib reinforcement is shown in 
Fig. XII.56. 

The slab is not analyzed in terms of the second group 
of limit states, because from past experience it is known 
that this design of slab meets the applicable conditions 
always. 


XII.5. Roof Girder 

We are to design a six-span girder having 6-m spans (the 
centre-to-centre distance between the columns) for the roof 
of the tank shown in Fig. XII.la and b. The concrete brand 
is M-300, m cl = 1, R pr = 135 kgf cmr* (13.5 MPa), and 
R ten = 10 kgf cm -2 (1 MPa) (Appendix IV). The longitud¬ 
inal load-bearing reinforcement is class A-III deformed bars 
with R„ = 3 600 kgf cm -2 for d ^ 10 mm. The transverse 
reinforcement is class A-II steel with H, = 2 700 kgf cm* 2 
(270 MPa) and R,. tr = 2 150 kgf cm' 2 (215 MPa) (Appen- 
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dix VI). The load per square metre of the roof is taken from 
Table XII.l. 

The girder is designed only in terms of the first group 
of limit states, because it is known to satisfy the condi¬ 
tions in terms of the second group always. 

Since the share of the live load is insignificant, we regard 
all of the load as dead and sustained. 

With 6-m spans, the design load per metre run of the 
girder is: 

— due to the roof, 

2 640 X 6 = 15 840 kgf m - * (158.4 kN m -1 ) 

—due to the self-weight of the girder, 

0.4 X 0.7 X 2 500 X 1.1 = 770 kgf m" 1 (7.7 kN m' 1 ) 

The total load is q = 16 610 kgf m" 1 « 16.6 tf m-'= 
= 166 kN m“*. 

The effective span is taken as the centre-to-centre distance 
between the columns, that is, 1 = 6 m. 

Design Bending Moments and Shearing Forces. With 
a large number of spans, we adopt a five-span design system 
(Fig. XII.6n). Assuming that the structure is in an elastic 
state (a B = 0.105 and a c = 0.071 according to relevant 
reference sources), the bending moments in the. girder above 
the intermediate supports B and C are given by 

M B = <x B ql* = -0.105 x 16.6 X 6 a 
= -62.7 tf m (627 kN m) 

M c = ct c qP = -0.071 X 16.6 X6 a = —41.8 tf m (418 kN m) 

In statically indeterminate reinforced concrete structures, 
it is legitimate to re-distribute the internal moments to 
a certain extent. 

To standardize the design of joints between the component 
members of the girder (Fig. XII.6 and XII.7), the moments 
at the supports may be equalized as 

= M 0 = —41.8 tf nn (418 kN m) 








00 £ 
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With equalized bending moments, the shearing forces 
are given by 

q a = + urgn 

= 16.6 X 6/2 - 41.8/6 = 42.8 tf (428 kN) 

QT = -qU2 + Mjj/l 

= -16.6 X6/2 - 41.8/6=—56.8 tf (568 kN) 

Q B ,8ht =-Q l c n =qU 2 
= 16.6 X 6/2 = 49.8 tf (498 kN) 

Now, we determine the maximum bending moments M lt 
M 2 , and M 3 in the spans. The maximum bending moment Mj 
is applied in the marginal span within the distance x 0 of 
the marginal support 

Xo = QJ q = 42.8/16.6 = 2.58 m 
Af, = Q a x o - qx\/2 = 42.8 X 2.58 — 16.6 X 2.58V2 
= 55.2 tf in (552 kN in) 






XII.5. Rool Girder 


lhe moments in the intermediate spans are 
M 2 = M 3 = q m - \M'£\ 

= 16.6 X 6 2 /8 — 41.8 = 32.8 tf m (328 kN m) 

The design bending moment and shearing force diagrams 
for the intermediate spans are shown in Fig. XII.6b. The 
figure gives the ordinates corresponding to the faces of the 
supports. Assuming that the columns are 40 X 40 cm in 
cross section, we get 

Mb., = - \M’S\+Qi‘ h ‘ X 0.2 

= -41.8 + 49.8 X 0.2 = 31.8 tf m (-318 kN m) 
QbT = 0b s ’“ (0.51 - 0.2)10.51 

= 49.8 (3 - 0.2)/3 = 46.5 tl (465 kN) 

The maximum shearing force in the marginal span is 

<?£/ “ Q'S" l(i - *,) - 0.2)/(l - ,,) 

= —56.8 1(6 - 2.58 - 0.2)l/(6 - 2.58) 

= -53.5 tf (-535 kN) 

Determining the Cross-Sectional Dimensions of the Gir¬ 
der. The cross-sectional dimensions of the girder are adopted 
so as to carry the moments and shearing forces in the marginal 
spans where they reach their maximum. According to 
Sec.VI.3, we assume the relative depth of the compression 
zone as £ = 0.4. In Table VI.l, this value of | corresponds 
to A 0 = 0.32. Assuming b = 30 cm, Eq. (VI.17) yields 

ft, - V MJA,bR rr =. V5 520 000/(0.32 X 30 X 135) = 65 cm 
The total depth of the girder is 

h = h 0 + a = 65 + 5 = 70 cm 

We take the girder depth to be h = 70 cm, because it fit! 
a standard size. Thus, the effective depth of the girder i: 
65 cm. 
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Next, we check the cross section of the girder for Qbj 
subject to the conditions defined.by Eqs. (VI.34) and (VI.35) 

kiRtenbh 0 ^ Q l B,f ^ 0.35Ji pr bh 0 

0.6 x 10 X 30 X 65 < 53 500 < 0.35 X 135 X 30 X 65 
11 700 kgf (117 kN) < 53 500 kgf (535 kN) 

< 92 000 kgf (920 kN) 

As is seen, the conditions of Eqs. (VI.34) and (VI.35) 
are satisfied, the cross-sectional dimensions are acceptable, 
and transverse reinforcement is required by design. The 
same dimensions are adopted for the intermediate spans 
of the girder. „ 

Normal-Section Strength Analysis. According to Eqs. 
(VI.13) and (VI.14) and the data of lable VI.l, we have 
for the marginal span: 

A 0 = MjbhlRpr = 5 520 000/(30 X G5 2 X 135) = 0.323 
rj = 0.797 

F „ = MJrfooR, = 5 520 000/(0.797 X 65 X 3 600) 

= 29.6 cm 2 

We adopt three class A-III bars 28 mm in diameter and 
three class A-III bars 22 mm in diameter of total area 
F, = 29.9 cm 2 (see Appendix VIII). 

In the intermediate spans: 

A 0 = 3 280 000/(30 X 65 2 X 135) = 0.192 
n = 0.892 

F. = 3 280 000/(0.892 X 65 X 3 600) = 15.7 cm 2 

We take three class A-III bars 28 mm in diameter of 
area F„ = 18.47 cm 2 . , , 

The moment at the supports, Mf = 31.8 tf m (318 kN mj, 
is close to M 2 = 32.8 tf m (328 kN m), so here we likewise 
adopt three class A-III bars 28 mm in diameter. 

Inclined-Section Strength Analysis. We shall limit our¬ 
selves to the intermediate span of the girder (see Fig. XII.6c). 
For a welded-bar mat with longitudinal bars 28 mm in dia¬ 
meter, we adopt transverse bars of d tT = 10 mm and ftr " 



= 0.785 cm 2 (Appendix VIII). This diameter meets the 
conditions for welding stated in Table II.2. The number of 
transverse bars in the section (the number of welded-bar 
mats) is n = 3. Therefore, F tr = Urn — 0.785 X 3 = 
2.355 cm 2 . 

The design load per unit length of the girder, carried by 
the transverse bars, is given by Eq. (VI.43) as 
qtr = Q 2 /(^bhlR ten ) 

= 46 500 2 /(4 X 2 X 30 X 65 2 X 10) = 213 kgf cm" 1 
(2 130 N cm" 1 ) 

It ought not to be smaller than 

Qtr = R im bl2 - 10 X 30/2 
= 150 kgf cm- 1 (1 500 N cm" 1 ) 

Equation (VI.44) gives the spacing between the trans¬ 
verse bars 

n = R a , tr F tr lq tr 

= 2 150 X 2.355/213 = 24 cm 
The maximum spacing is given by Eq. (VI.45) as 
“max = 0.75k i R ten bh\IQ 

= 0.75 X 2 X 10 X 30 X 65 2 /46 500 = 41 cm 

From structural considerations (see Sec. VI.l), for h > 45 cm, 
the spacing between the transverse bars should be not larger 
than hi 3 = 70/3 = 23 cm. 

For the portions near the supports, a quarter of the span 
long, we adopt the least value u = 20 cm. In the middle, 
this distance may be taken as u = 2 X 20 = 40 cm whicl 
is smaller than 3/4 h = 52 cm. 

The intermediate span of the girder isshown in Fig. XII.6c 

Next, we locate the cutoff point for the longitudinal load 
bearing reinforcement above the supports. The distance 
from midspan to the theoretical cutoff point (see Fig. XII.6I 
is given by 

a = V2 (M t + Msz,z)lq _ Y2 (32.8 +5.5)/16.6=2.14 m 
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where M a tu is the moment carried by the upper bars 12 mm 
in diameter, belonging to three wcldcd-bar mats and placed 
for structural reasons [the calculations are omitted (see 
Fig. XII.Oc)]. 

The shearing force at this section is @ 0 = 2.14 = 35.6 tf 
(35C kN). 

Equations (VI.51) and (VI.52) give the embedment length 
for the cut-off bars: 
at 

<Iir.w = H.F lr lu 

= 2 700 X 2.355/20 - 318 kgf cm-> (3 180 N cm' 1 ) 
we have 

W = @(o=2.1 i)/2<ltr,w + 

= 35 600/(2 X 318) + 5 X 2.8 = 70 cm 
w = 20 d = 20 X 2.8 = 56 cm 2 

We adopt the largest value w — 70. 

The Joint between a Girder and a Column. The precast 
components of a girder rest on column cantilevers (Fig. XII.7)* 
At the joint, the internal couple of "the support moment of 
the girder is resisted by the connection bars at the top, and 
by the welds of^the embedded steel parts in the girder and 
column cantilevers at the bottom. The arm of the internal 
couple is 

z = 70 — 5 = 65 cm 

The couple components are 

N = M Bt flz = 31.8/0.65 = 49 tf (490 kN) 

The minimum cross-sectional area of the embedded parts 
in the girder and cantilevers, made of class C38/23 steel 
li? = 2 100 kgf cm- a (210 MPa)], is 

F = N/R = 49 000/2 100 = 23.4 cm 2 

The shearing force between the supports of the girder and 
cantilever is given by 

N th = N - Qf = 49 - 46.5 X 0.15 = 42 tf (420 kN) 



XII.6. Column and Fooling 


where Q is the normal force applied to the support and / is 
the coefficient of friction for steel against steel. 

The welds connecting the supports should he designed to 
carry this force. 

XII.6. Column and Footing 

We are to design a column and a column footing for the 
tank of XII.l. The standard column is 40 X 40 cm in cross 
section and has an effective length of l 0 = 5 — 0.6 — 0.2 = 
= 4.2 m. The concrete brand is M-200, m a = 1, R pr — 90 
kgf cm" 2 (9 MPa), and Ii ten = 7.5 kgf cm' 2 (0.75 MPa) 
(Appendix IV). The reinforcement is class A-II deformed 
bars with i? s , com = 2 700 kgf cm -2 (270 MPa) (Appendix 
VI). The foundation material is coarse dense sands. Accor¬ 
ding to Appendix XVI, the design bearing strength of the soil 
is R 0 = 6 kgf cm -2 (0.6 MPa). 

Design of the Column. Since the share of live load is in¬ 
significant, all of the load is assumed as dead and sustained. 
The load is composed of the girder reaction [the maximum 
force Qb 11 and Q T B ght at the first intermediate support as 
reckoned from the girder end (see Sec. XII.5)]: 

56.8 + 49.8 = 106.6 tf (1 066 kN) 
and the self-weight of the column: 

0.4 X 0.4 X 5.1 X 2.5 X 1.1 = 2.2 tf (22 kN) 

So, the total load is 

N t . t « 109 tf (1 090 kN) 

The column resists a longitudinal axial force. It is a mem¬ 
ber of a statically indeterminate structure, so the design 
eccentricity of the longitudinal force is equal to the acci¬ 
dental eccentricity (see Sec. IV.l). Since l 0 lh = 420/40 = 
= 10.5, the design may be carried out as prescribed in Sec. 
IV.2. 

Let us check if the column should be reinforced. According 
to Eqs. (IV.2) and (IV.3), at F, = 0 and m = 1 (the size 
of the column cross section exceeds 20 cm), the following 
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condition should be satisfied 

n < (f>n Pr F 

or 

109 000 kgf (1 090 kN) < 0.882 x 90 X 40 x 40 
= 127 000 kgf (1 270 kN) 

where <p = (p c = 0.882 is looked up in Table IV.l. 

As is seen, no reinforcing steel is required by design. 
To suit structural considerations, we adopt a minimum 
percentage of reinforcement (.i = 0.4%, that is, the cross 
sectional area of the reinforcing steel should be at leaser, 
= 0.004 X 40 X 40 = 6.4 cm 2 . As a result, we take tour 
class A-II bars 16 mm in diameter of area F s — 8.04 cm 
(Appendix VIII). The transverse bars in the reinforcing 
cage are chosen to be 6 mm in diameter, which meets in 
conditions for welding specified in Table II.2. The s Jf a “J 
between the transverse bars (sec Sec. IV.l) should beu^ 
^ 20d = 20 X 1.6 = 32 cm, so we adopt u = 30 cm. 
The column is shown in Fig. XII.8. . , 

Design of the Column Cantilever. The maximum gir 
reaction is applied to the intermediate column from in 
marginal span (see Sec. XII.5), Qb 11 = 56.8 tf (568 k )• 
With the roof slabs arranged as shown in Fig. XII.lo, one- 
eight of the load is carried directly by the column, m 
cantilever has to resist the force applied by the girder 


Qcant = 56.8 X 7/8 = 49.7 tf (497 kN) 

The supporting platform of the girder has the following 
dimensions: b g = 30 cm and b p i = 22 cm (Figs. XII. 
and XII.9). The pressure beneath tho platform is 
o = QamAbgbpi) 

= 49 700/(30 X 22) = 75 kgf cm" 2 (7.5 MPa) 


which is smaller than 

R pr = 90 kgf cm -2 (9 MPa) 

Tho supporting platform of the girder is welded to its 
longitudinal reinforcement, and that of the cantilever to 
its upper horizontal reinforcement. 



XII.6. Column and Footing 



Fig. XII.8. Column 

(o) formwork dimensions; (6) distribution of reinforcement; (c) welded-bar rein- 


A relevant standard requires that short cantilevers 
^ 0.9A 0 ,c«nf) at the joints of frame structures should be 
designed subject to 

Q cant ^ 1.25 X i.2R tn bhl iCa Ja 

and 

Qcant<2-5Rtenbh 0 ,cant 

Hence, the necessary effective depth of the cantilever is 
h 0 , c ant = V Qcant a /(t-5Rt*nb) 

= V49 700x17/(1.5 x 7.5 x 40) = 43 cm 
or 

ho. cant = Qcan,l2.5Rtenb 

= 49 700/(2.5 X 7.5 X 40) = 60 cm 
We adopt h eant = 65 cm (and h 0iCa ni = 60 cm). 
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The upper horizontal reinforcement of area l‘\ is subjected 
to compression due to tho force N g induced by the moment 
applied by the girder, N »= M B jlz — 31.8/(70—4)= —48 tf 
(-480 kN) (see Sec. XII.5 and Fig. XI1.9), and to tension 
caused by the force N cant induced by tho cantilever moment, 
equal (at rj « 0.9) to 


Ncant = Qa/rfh.cant 

= 46.5 X 0.17/(0.9 X 0.6) = 14.7 tf (147 kN) 

Because N g is larger than N eant , the horizontal 
cement in the cantilever should be placed for structm 
reasons. Its area should be at least /'' s =0.002 X "o.cani 
= 0.002 X 60 X 40 = 4.8 cm 2 , so we adopt two class a-u 
bars 20 mm in diameter of area 
F, = 6.28 cm 2 . , 

An appropriate standard 
requires that, irrespective of 
the results yielded by calcula¬ 
tions, can tile vers with « > 2.oa 

must be reinforced with bent- 
up bars and horizontal stir¬ 
rups throughout. The cross-sec¬ 
tional area of these bars should 
be not less than Fp = 

= 0 . 0026 ^ 0 ,can/ = 0-002 X 
X 40 X 60= 4.8 cm 2 . We adopt 
four class ,A-I I bars 16 mm in diameter of area F 0 = 8.04 
cm 2 , and class A-II stirrups 6 mm in diameter spaced 
100 mm apart. 

The distribution of reinforcement in the column top is 
shown in Fig. XII.9. 

Determining the Dimensions of the Footing. The footing 
dimensions are determined so as to carry the design pres¬ 
sure R s exerted on the soil by the characteristic load mul¬ 
tiplied by the overload factor n = 1. 

Assuming that the footing may be about 1.5 ra square 
and the embedment depth is h = 0, the equation given in 
Chap. X, where A:, = 0.125 (for sands) and b y = 1 m, gives 
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the design pressure exerted on the foundation material: 

Us = i?o {1 + (6 - &,)/&, 1 (h + A,)/^ 

= 6[1 +0.125 (1.5-1)7111/2 
= 3.2 kgf cm-* (0.32 MPa) 

The loads imposed on the footing base include the charac¬ 
teristic load Nix = 92 tfr(920 kN) (including the weight 
of the footing) and the design 
load N = 109 tf (1 090 kN) 

(leaving out the weight of the 
footing). 

With a square footing, the 
footing base area and 'the foo¬ 
ting side are 

F/= NnlJR, = 92/32 = 2.87m* 

a = VT f = V 21*7 = 1.7 m 

We adopt a footing base 170 cm 
square of area F f = 2.89 cm*. 

Design of the Footing. Let 
us check the footing for 
strength. The soil pressure be¬ 
neath the footing base caused 
by the design load’(leaving out 
the weight of the footing) is 
p a =N/Ff =109 000/(170 X170) 

= 3.8 kgf cm-* (0.38 MPa) 

The effective depth of the footing, necessary to resist crush¬ 
ing is 

-0.56„,+0.5/W(fl,„+p.) 

= -0.5x40-1 0.5V109000/(7.5 + 3.8) =29 cm 



Fig. XII.10. Column footing 
(o) side view and sectional view; 
(b) plan and distribution of reinfor¬ 
cement at the bottom 


The total depth of the footing is 

h t = h 0 + a = 29 + 5 = 34 cm 

To this must be added the embedment depth of the column 
in the socket and the minimum base thickness in the socket. 



342 


Ch. 12. Design of RC Structures. Worked Examples 


so the overall footing depth should be 

h f = h col + 20 cm = 40 + 20 = 60 cm 

Thus, the overall depth of the footing is hf = 60 cm 
(h 0 = 53 cm); the other dimensions are given in Fig. XII.10. 

The bending moments at sections /-/ (at the column face) 
and II-II (where the footing base meets the socket) are as 
follows 

Mi = 0.125p a (a — beoiY a 

= 0.125 X 3.8 (170 - 40) 2 X 170 
= 1 360 000 kgf cm (136 kN m) 

M n = 0.125p* (a - b 9oe ) 2 a 

= 0.125 X 3.8 (170 - 120) 2 X 170 
= 202 000 kgf cm (20.2 kN m) 

The amount of reinforcement necessary at the footing 
base is 

F n = Mil(0.9R s h 0 ) 

= 1 360 000/(0.9 X 2 700 X 53) = 10.6 cm 2 

F t 2 = M n /0.9R s h' 0 

= 202 000/(0.9 X 2 700 X 13) = 6.4 cm 2 
We adopt eleven class A-II bars 12 mm in diameter of 
area F t = 12.4 cm 2 (Appendix VIII). 

The percent of reinforcement at sections I-I and II-H is 

|i, = iOOF sl /(b soc h 0 ) 

= 100 X 12.4/(120 X 53) = 0.19% > p mln = 0.1% 
p 2 = 100 F t Jah' 0 

* = 100 X 12.4/(170 X 13) = 0.56% > p mln = 0.1% 
X1I.7. Wall of a Precast Reinforced Concrete 

Rectangular Tank 

We are to design the wall of the precast reinforced concrete 
tank shown in Fig. XII.lc and b. The wall is 20 cm thick, 
and the wall panels have a nominal width (the centre-to- 



centre distance between joints) of 3 m and a structural 
idth of 2-8 m. The vertical joints between the wall panels 
"L 20 cm wide. They are filled with M-300 concrete and 
“j e n a layer of shotcrete about 50 cm wide applied from 
the inside. The wall panels are installed into a slot in the 
tank floor at the bottom, and the welded fittings in the 

* are welded to those in the precast roof at the top. 

P Panpl material: M-200 concrete, R pr = 90 kgf cm -2 
(9 MPa), m cl = 1 (see Appendix IV). 

' Panel reinforcement: welded-wire fabric with class A-III 
load-bearing reinforcement, R s = 3 600 kgf cm -2 

SSo $Pa) for d > 10 mm (Appendix VI >- 

' Loads Imposed on the Wall. When the tank is evacuated, 
the wall resists the earth pressure from the outside. During 
hvdrostatic tests, it carries the internal liquid pressure 
from the inside in the absence of backfill 
The wall panel separately should be designed to carry 
the bending moment induced by the earth and water pres- 
: " For design purposes it is regarded as a single beam fixed 

the floor and hinged at the roof (Fig. XII.Ha). The roof 
does not always impose any vertical load on the wall, so its 
affect is not taken into account in design calculations. 
The design load due to the water pressure per metre run 

* the wall at the section where the wall is fixed in the floor 
(Fig. XIM1&) is 

Pw = ryh = HI X 1 X 4.3 = 4.7 tf nr 1 (47 kN nr 1 ) 

The design load due to the earth pressure applied res¬ 
pectively at the top and bottom (Fig. XII.llc) is as follows 

p sl = nyjh l S 2 (45° — <p/2) 

=: 1.2 X 1.8 X 1.4 X tg* (45° - 3072) 

__ i.l tf m -1 (11 kN m -1 ) 


p„ - p.'t + P« “ (45" _ (p/2) + Pa 

«t.!X 1-8 »-8 - 0.5) tg* (45" - 3072) + l.t 
__ 4.3 tf m " 1 (43 kN m* 1 ) 
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Fig. XII.11. To the design ot th all of a rectangular tank 

(o) sectional view: (6) loading system and bending moment diagram due to water 
pressure; (c) loading system and bending moment diagram due to lateral ea 
pressure 


Bending Moments in the Wall, Amount of Reinforcement. 
The internal water pressure causes the following bending 
moments at the bottom (Fig. XII.lib). 

M tuv , w = —p w hV 15 

= -4.7 X 4.3V15 = -5.8 tf m (-58 kN m) 

The maximum moment in the span (at the distance x 0 
= 0.447ft = 0.447 X 4.3 = 1.92 m from the top) is 

M sp , w = p w hV 33.3 

= 4.7 X 4.3V33.3 = 2.55 tf m (25.5 kN m) 

The bending moment induced by the earth pressure at 
the bottom (Fig. XII.11c) is 

M auP ,, = —p«ft 2 /15 - p al ft 2 /8 

= -3.2 X 4.3 2 /15 - 1.1 X 4.3 2 /8 
= -6.5 tf m (-65 kN m) 
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inner and the outer surfaces of tho wall. In design calcula¬ 
tions, we assume the larger values of the bending moments. 
The wall is checked for normal-section strength as a singly 
reinforced slab having the following dimensions: b = 100 cm 
and h 0 = h — a = 20 — 3 = 17 cm. 

For the section at floor level, Eqs. (VI.13) and (VI. 14 ) 
and Table VI.1 give 

A„ = MI(bhlR pr ) = 650 000/(100 X 17* X 90) = 0.25 
ti = 0.852 

F, = MI(r\h 0 R,) 

= 650 000/(0.852 x 17 X 3 600) = 12.5 cm* 

For the section in the span, we get 

A 0 = 315 000/(100 X 17* X 90) = 0.121 
q = 0.935 

F, = 315 000/(0.935 X 17 X 3 600) = 5.5 cm* 

We adopt double welded-wirc fabric on either side of the 
section. One of the pieces consists of five class A-III wires 
12 mm in diameter of area F s = 5.65 cm* and covers the 
entire height of the wall, the other consists of five class 
A-III wires 14 mm in diameter of area F s = 7.69 cm* and 
is installed at the bottom. 

Horizontal bars are placed for structural reasons. 

Crack-opening analysis is omitted. 

The wall panel is shown in Fig. XII.12. 


XII.8. Wall of a Precast Circular Tank 

We aro to design the prestressed concrete wall of a covered 
semi-buried circular tank. The tank is surrounded by back¬ 
fill, its diameter is 18 m (r = 9 m), the height is 11 = 4.8 m, 
and the wall thickness is 6 = 14 cm. The wall is hinged to 
the floor. The vertical pressure per metre run of the wall 
bottom is taken as V, =3 tf m -1 (30 kN m -1 ) in the absence 
of backfill, and as .V 2 = 10 tf m -1 (100 kN m - *) in the pre¬ 
sence of backfill. 

Panel material: M-200 concrete, m n = 1. The joints 
between the panels are filled with M-300 concrete. 
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(a)*division fnt^zoncs^ (b)° circular I* 1 ' ° f 3 circular tank 

(c) vertical bending moment dia^am' 06 d,ngram < the fo '“* «« stated In f): 

(Appendix V\ % tiC £ * 10 k ? f cm ( 2 X 106 MPa) 
(see Fig. XII i/ 1 / 1'1 Th«» -!° P f c . onsists three sections 
electric heating. h reinforcin 8 steel is posttensioned by 

«ttheSZetm"' 1 *™ 1 *!“ W,U whe " *•» concrete 

(20 MPal a „rt “ S - trCn!:th «• = «■■ 200 kg! cm- 

Dacted ?„ S th ^ 1 \° tbe ]0,nts between the panels (com- 

X 300 =rnTgf“c'£-M 2 TMP,P° 8th *" " °- W - °- 7 
wSf c t:,. F ,?r 8 ,v“? d o/" tic » i Beniia s tk« 

forces in’tho wall to be 81 ” 3 “ ^ ° irCul ' r 

T = T 0 - (2 r/s) Q lrril 

where T 0 and Q, r are found from Eqs. (XI.3) and (XI.8) 
and t|j is looked up in Table XI.2. 

Let us divide the wall into zones 1 m high, except the 
upper zone which is 0.8 m high (Fig. XII.13<z). For each 
zone, the design force is taken equal to that in the middle 
of the zone. 

Equation (XI.5) gives the value of s to be 

s = 0.76 V r6 = 0.76 V 9 x 0.14 = 0.86 m 









Table XII.2. Circular Forces in the Tank Wall 
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The friction force Q fr at the bottom of the wall is deter¬ 
mined in the absence and in the presence of backfill with 
the coefficient of friction / = 0.5: 

Qtn = IN, = 0.5 X 3 = 1.5 If (15 kN) 

[Ql„ = IN, — 0.5 X 10 = 5 tf (50 kN) 

Now, we check the condition 

Qlr < P»s/2 = 5.28 X 0.86/2 = 2.28 tf (22.8 kN) 

where 


p w = nyH = 1.1 x 1 X 4.8 = 5.28 tf m' 1 (52.8 kN m' 1 ) 

Since <? /r2 = 5 tf (50 kN) exceeds Q /n = 2.28 tf (22.8 kN), 
in our further calculations we adopt, according to Eq. (XI.10)’ 
Qtn = 2.28 tf (22.8 kN). The circular forces are given in 
Table XII.2. 

The circular force diagram is shown in Fig. XII.135. 

Equation XI.11 gives the vertical (meridional) bending 
moment in the wall as 


M = <? /r sq 2 

where t| 2 is looked up in Table XI.2. 

The maximum meridional moment (Fig. XII.13c) appears 
when <?/r DX = Qtn ~ 2.28 tf (22.8 kN) and acts in the 
section with the ordinate x 0 for which rj™ ax = 0.322 and 
<p = 0.8. Consequently, 

x 0 = <ps = 0.8 X 0.86 = 0.69 in 


whence 
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A. Design in Terms of the First Group 
of Limit States 

Equation (V.26) gives the cross-sectional area of the hoop 
reinforcement to be 

F pr = TIR„ pr 

where R, iPr — R,m lk = 5 000 X 1.2 = 6 000 kgf cm -2 
(600 MPa) (/n, 4 = 1.2 is taken from Sec. VI.3). 



Fig. XI1.14. Circular lank wall 

(a) vertical sectional view; (6) plan showing Joints between wall panels and bet¬ 
ween prestressed bars and supporting angles for reinforcement: (c) detail 
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Fig- XII. 15. Wall panel of a circular lank 


Since the requirements for the cracking resistance of the 
structure are very stringent, the cross-sectional area of the 
reinforcement should be increased by about 40% (see Tab¬ 
le XII.3). 

The distribution of reinforcement in each zone of the wall 
is shown in Fig. XII.14a. 

According to the bending moment diagram (Fig. XII.13c), 
the wall requires an insignificant amount of vertical rein¬ 
forcement. Therefore, wo adopt the steel area from structural 
considerations or according to the results of a check on erec- 
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Table XII.3. Cross-Sectional Area of the Hoop 
Reinforcement in the Tank Wall 


Zone 

Nos. 

r. tt 


Bars adopted and their 

cross-sectional area for 
eacli zone, cm 2 

I 

3.80 

0.9 

1 bar 20 mm in din. 

3.14 

11 

13.41 

3.1 

2 bars 20 mm in dia. 

6.28 

111 

25.31 

5.9 

2 bars 20 mm in dia. 

6.28 

IV 

34.06 

8 

3 bars 20 mm in dia. 

9.41 

V 

20.29 

4.7 

2 bars 20 mm in dia. 

6.28 


Note. R 3 pr - C 000 kgf era-* (GOOIMPa). 


tion loads. The construction of the precast wall panel is 
shown in Fig. XII.15. 


B. Design in Terms of the Second Group 
of Limit States 

The wall is to meet the first category of cracking resistance 
requirements (see Sec. III.l). In our case, no cracks are 
allowed under the design loads multiplied by the same over¬ 
load factor n > 1 as in strength analysis (see Sec. III.l). 
Design in terms of the force T is done for zone IV as the 
most stressed one (see Table XI1.2). 

Prestressing Force. For a prestressed bar whose length 
l = 2nr/3 = 2 X 3.14 X 9/3 = 18.8 m is equal to the 
distance between the bar joints, the maximum prestress 
with allowance for the permissible deviations given by 
Eq. (III.10) is found from Eq. (III.8) 

p = 300 + 3 600/18.8 « 490 kgf cm” 2 (49 MPa) 


and 


cr 0 = B tIl - p = 6 000 - 490 
= 5 510 kgf cm -2 (551 MPa) 
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Early losses. Equation (111.18) gives the losses due to thi 
deformed anchorages 
or' = E„ (X, + X 2 )/l= 2 UOO 000 (1 

+ 1)/18 800 = 212 kgf cm- 2 (21.2 MPa) 
Since the steel is tensioned by electric heating, there is 
no friction of the reinforcing bars against the tank wall. So, 

oi osei = of* = 212 kgf cm- 2 (21.2 MPa) 

Late losses. The losses due to the relaxation of stresses 
in the reinforcing bars (in tensioning by electric heating) are 

a, = 0.03o 0 = 0.03 X 5 510 
= 165 kgf cm -2 (16.5 MPa) 

According to Table III.2, the losses due to the shrinkage 
of M-200 concrete are 

o^ou) = 300 kgf cm - 2 (30 MPa) 

Equation (111.22) gives the losses due to creep in con¬ 
crete to lie 

o^o = 2 000 o pr /R 0 

= 2 000 X 33.7/200 = 337 kgf cm" 2 (33.7 MPa) 

where 

°pr = NoJFt T = (o 0 — a Joan) Ep r l{F c + nF PT ) 

= (5 510 - 212) X 9.41/(14 X 100 + 8.33 X 9.41) 
= 33.7 kgf cm- 2 (3.37 MPa) 

which is less than 0.6i? 0 = 0.6 X 200 = 120 kgf cm -2 
(12 MPa); and 

n = EJE C = 2 X 10 6 /(0.24 X 10°) = 8.33 
Thus, the late losses are 

a l0 „ t = <*i + + ^r tl) 

= 165 + 300 1 337 - 802 kgf cm' 2 (80.2 MPa) 

23-014 
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and the total losses arc 

°lo«« = Ojossl + 

= 212 + 802 = 1 014 kgf cm" 2 (101.4 MPa) 

which is larger than the minimum value 1 000 kgf cm' 2 
(100 MPa) that must be taken into consideration in design 
calculations. 

With allowance for the total loss of prestress and the ten¬ 
sioning accuracy factor m ac , the prestressing force is 

*0 = (°o Gloss) & p r 

= 0.9 (5 510 - 1 014) 9.41 = 38 100 kgf (381 kN) 

Here, according to Eq. (III.25), for tensioning by electric 
heating 

Am = 0.5p (l — i/V ri b )/a 0 
= 0.5 x 500 (1 - 1 /V 3)/5 500 ----- 0.07 

For design purposes, Am is taken to be not less than 0.1. 
So, the tensioning accuracy factor in Eq. (111.24) is m ae = 
= 1 — Am = 1 - 0.1 = 0.9. 

Incipient-Cracking Analysis. The wall is checked sub¬ 
ject to the condition in Eq. (V.27) 

T^N 0 

For Zone IV where the stress is maximal (see Table XII.3), 
T = 34 060 kgf (340.6 kN) which is less Ilian A r 0 = 38 100 
kgf (381 kN). Consequently, the cracking-resisiance require¬ 
ments arc met and no cracks will develop in the wall. 

In the other zones, the condition T N 0 is satisfied, 
too (the calculations are omitted). 



CHAPTER THIRTEEN 

STRUCTURES FOR HEAT SUPPLY SYSTEMS 


XIII. 1. General 

Heat is supplied to residential areas and industrial consu¬ 
mers by trunk and distributing heating systems. These are 
thermally insulated steel pipelines carrying superheated 
water or steam. To avoid stresses that might be caused by 
hermal deformations on heating up and cooling down, the 
pipelines have movable and immovable supports. 

As a rule, heating systems are laid under ground. Pipe¬ 
lines are placed in conduits or headers to protect the thermal 
insulation and facilitate their movement during temperature 
variations. Sometimes, pipelines are laid without any con¬ 
duits directly in the ground. In this case, they have protec¬ 
tive jackets. The cost of a heat pipeline may considerably 
he reduced if it is run in a common header together with 
other underground services (such as electric and telephone 
^ies, and water supply and sewage disposal pipelines). 

Within the premises of industrial projects where the ground 
water level is high and also in permafrost regions, use is 
made of overhead heat pipelines installed on low supports 
(piers), scaffold bridges, masts, or brackets. 

Along its length, a heat pipeline has servicing chambers 
to accommodate gate valves and instrumentation, movable 
and immovable supports, and also compensating niches for 
expansion U-bends enabling the pipes to elongate between 
immovable supports. 

Heat pipelines should be laid with a longitudinal slope 
of not less than 0.002, to facilitate the release of water (at 
the lowest points) and to vent air (at the highest points). 
Because water may accidentally leak into a conduit or a 
header, pits are made at every 100 to 150 m through which 
the water can be discharged into gutters or bodies of water. 
If a buried pipeline is laid in an area with the presence of 
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ground water, a parallel tube drainage is usually run to 
lower the ground water level. In this case, the longitudinal 
slope of the pipeline is 0.003, and the transverse slope of 
the conduit towards the drain-pipe is 0.01. 

If a pipeline is laid in a dry soil or has a tube drainage, 
the outer surfaces of the conduit walls and roof are water¬ 
proofed by two layers of hot bitumen. 

When a pipeline crosses saturated-soil areas and a drain¬ 
pipe is unfeasible to install, the conduit is water-proofed 
by pasted insulation. 

With approaches to buildings, heat pipeline conduits 
should have a reverse slope to prevent water from leaking 
into the basements and wetting the soil beneath the foun¬ 
dations. 

The internal height of low conduits is less than 1 200 mm 
and that of medium-height conduits is from 1400 to 2100mm. 
Access to low conduits can be had only from the top after 
the overburden and the roof slabs have been removed. Ac¬ 
cess to medium-height conduits is from chambers whose 
roofs have manholes brought out to tho ground surface. 
The internal height of high conduits (also called passageway 
conduits, tunnels, or headers if they additionally carry other 
services) is from 2 100 to 3 000 mm. They provide access 
for the erection, inspection, and repair of all the services 
contained. 

The roofs of buried conduits and headers should be at 
least 0.7 m below the surface, or 0.5 m if they run below 
paved roads. Heat pipelines may sometimes be half-buried. 
With this type, the top of the conduits is from 200 to 400 mm 
above the surface. The thermal insulation of such conduits 
consists of slag-filled walls and a warmth-keeping jacket 
over the roof. 

When choosing a route for a heat pipeline, its length and 
the number of intersections with water obstacles and rail 
and motor roads should be kept to a minimum, as they 
significantly increase the cost of construction. 

Along their length, conduits have movement joints to 
facilitate independent settlement of their individual por¬ 
tions and reduce the temperature strain of the structures. 
Movement joints are installed where conduits adjoin servic¬ 
ing chambers and compensating niches, and where the 



soil conditions undergo sudden changes. They should bt 
spaced not more than 50 m apart in buried conduits and 
not more than 30 m apart in half-buried conduits. 

The structural members of buried and half-buried heat 
pipeline conduits use brick and concrete, both plain and 
reinforced. The pier supports of overhead pipelines are 
-fdeof brick and plain concrete, and their masts and scaf¬ 
fold bridges employ reinforced concrete and metal. 


XI J 1,2, Construction Types of Conduits 
and Headers 

lfT'k^ nduits ‘ ^ sim Pl e l°w conduit is shown in Fig. XIII.l. 

ottom is a layer of M-75 concrete 100 mm thick placed 
thorm 8 n . groun( C After the pipes have been erected and 
the k lnsu l ate( l, concrete wall blocks are installed on 
enn^ 0 . i’i an< ^ ^e con duit is roofed by precast reinforced 
hnrrw^i \ - 1 ' conduit walls may also be made of well 
a brick. According to the diameter of the pipeline, 



Fig. XIII.l. Construction types of low conduits with cone, re to block 
or brick walls 


(«) silicic-duct conduit; (b) douhlc-diict conduit: I- 
masonry; 2 —precast reinforced concrete roof slab' 
50 cement grout 


-concrete wall blocks 
.1—concrete layer; 


or brick 
1 —brand 
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Vig- (XI11.2. Conduit with a 
parallel drain-pipe 
/—i/rovcl and Hand filter; a—drain¬ 
pipe 


Fig. XIII.3. Conduit with pas¬ 
ted insulation 


/—conduit walls; 2—prccaat reinfor¬ 
ced concrete roof slabs; 3— pasted 
Insulation; 4 —concrete layer; s— 
protective brick wall; fl—reinforced 
concrete floor; 7— floor load-brnrlne 
reinforcement; »—cement coat; o— 
concrete layer; 10 — broken stone 


Iho height of such conduits may range between 460 and 
1 060 mm and the width between 500 and 1 800 mm. 

The thickness of the concrete wall blocks depends on the 
conduit height and may bo anywhere between 120 and 
200 mm. The thickness of brick walls is 120 and 250 mm. 
The walls can resist lateral earth pressure only when they 
nro reliably fixed at the top, so the conduit trench may not 
bo backfilled until after the roof slabs have been installed. 
When the conduit roof is removed for inspection or repair, 
the walls should securely be held in place by spacers installed 
at the top. 

Flat reinforced concrete roof slabs arc fabricated 60 to 
160 mm thick, depending on their span (conduit width). 

Figure XII 1.2 shows a conduit with a parallel drain-pipe 
intended to lower the ground water level. The asbestos- 
cement or ceramic drain-pipe with water inlet holes 150 
to 200 mm in diameter is placed in a layer of filtering sand 
and gravel 400 mm below the conduit bottom and within 
700 mm of the conduit wall. 

As already mentioned in Sec. XIII.1, if it is laid in satu¬ 
rated soil and no drain-pipes can be used, a conduit must 
appropriately be water-proofed (Fig. XIII.3). Under the 
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^111.'i. Low conduit assembled from precast reinforced concrete 
U-shaped members and flat slabs 

Crete toothi" 2—root slab - 3—cement grout; 4— sand cushion; 5—con- 


circumstances, the conduit bottom is made of reinforced 
concrete, because it must resist the ground water upthrust 
and work in bending between the walls. To avoid floating- 
up, the weight of the conduit should exceed the resultant 
of the ground water upthrust [see Eq. (XI.21)1. 

In Soviet practice, low conduits are customarily assembl¬ 
ed from standardized precast reinforced concrete members 
which are more economical of material and are less labour¬ 
consuming than their in-situ counterparts. 

Figure XII 1.4 shows a buried single-duct low conduit 
assembled from prefabricated reinforced concrete U-shaped 
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members laid on a layer of sand and roofed by reinforced 
concrete deck slabs. Double-duct conduits are built of 
two single-duct conduits installed with a gap of 100 mm 
filled with sand (Fig. XII 1.4b). Sometimes, U-shaped mem¬ 
bers are placed upside down on a layer of concrete as shown 
in Fig. XIII.4c. 

Standard U-shaped members are made 300, 450, and 600 
mm high and 600 to 2 100 mm wide. Their nominal length is 
3 m and the structural length is 2.97 m. 

So that the length of straight portions between servicing 
chambers and compensating niches may be varied, make-up 
members with a nominal length of 0.6 m (the structural 
length being 0.57 m) have been designed for all types of 
U-shaped elements and slabs. The walls of U-shaped ele¬ 
ments arc intended to carry lateral earth pressure as canti¬ 
levers and have, therefore, a variable thickness of 80 to 
140 mm at the bottom and 50 to 100 mm at the top. If neces¬ 
sary, the roof slabs may be removed with the backfill left 
around the conduit. 

The U-shaped members are made of M-300 concrete rein¬ 
forced with welded-wire fabric using class A-III and B-I 
steel (Fig. XIII.5a). 

The width of the deck slabs in the direction of the effec¬ 
tive span (across the U-shaped member) is from 0.85 to 
2.4 m, the nominal length is 3 ra (0.6 m for make-up slabs), 
and the thickness is from 70 to 160 mm. The slabs are made 
of M-200 concrete and use class A-III load-bearing rein¬ 
forcement and class B-I distribution reinforcement 

(Fig. XIII.5b). 

Low conduits may also be assembled from two U-shaped 
members, one serving as the bottom and the other as the 
roof. The top U-shaped member is installed after the pipe¬ 
line has been erected and insulated (Fig. XIII.6). The 
height of such conduits is equal to the sum of the heights 
of the two U-shaped members plus the gap between them 
(about 20 mm). The gap is filled with brand 50 cement 
grout. To align the U-shaped members, two steel channels 
(one size 12, and the other, size 16) welded together to form 
an I-section are installed in the gap. The walls of each U- 
shaped member carry lateral earth pressure as cantilevers 
fixed at the member bottom. 





Fig. XIII.5. Distribution of reinforcement, in prefab U-shaped mem¬ 
bers and root slabs 

J—load-bearing reinforcement; 2—distribution reinforcement 



Fig. XIII.6. Low conduits assembled from two U-shaped members 


(U) (b) 



2 ?■ 


Fig. XIII.7. Low conduits assomblcd from flat slabs 
i —sand cushion; S —In-situ portion 
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Another type of low conduits is assembled from precast 
reinforced concrete flat slabs (Fig. XIII.7). The bottom 
slabs laid on a layer of sand have grooves 200 mm deep to 
receive the wall slabs. The gaps are filled with M-300 con¬ 
crete using fine broken stone as the aggregate. The walls 
support the roof slabs (Fig. 
(a) XIII.7a). In double-duct 

loo 150 too conduits, an intermediate 

wall is installed on the 
bottom slab (Fig. XIII.76). 
Multi-duct conduits are as¬ 
sembled from parallel sin¬ 
gle- and double-duct con¬ 
duits (Fig. XIII.7c). The 
distribution of reinforce¬ 
ment in the slabs is shown 
in Fig. XIII.8. 

Either type of low con¬ 
duits may be erected as a 
half-buried structure with 
thrce-laver thermally insu¬ 
lated roof slabs (Fig. 
XIII.9). 

The standard members oi 
low conduits may be instal¬ 
led as deep as 700 to 2 000 
mm from the surface and 
are designed to carry wheel 
loads. 

Medium-Height Conduits. Medium-height conduits are 
intended to carry double-pipe healing lines, process pipe¬ 
lines, cables, and other services. 

Figure XIII.10 shows a medium-height conduit having 
brick walls. Conduits assembled from precast reinforced 
concrete members may be 1 500, 1 800, and 2 100 mm high 
and from 1 200 to 4 200 mm wide. They may carry 



Fig. XIII.8. Distribution of rein¬ 
forcement in flat slabs 
(a) floor; (b) wall slab; (c) wall slab 
joint 


Fig. XIII.9. Half-buried conduits 

(<i) assembled from U-shapcd members; (b) assembled from flat slabs; (<■) thermally 
insulated roof slab; l— U-shaped member; a—thermally insulated roof slab; 
a—asphalt: 4— slag; S— water proofing; 6 —wall slab; 7—sand cushion: /(—floor 
slab: 9—lifting eyes; to— foam-concrete inserts 
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It SO- 2S00 



I'.'K- XII1.10. Medium-height conduit with brick walls (the dimen¬ 
sions in brackets aro given for d n = 600 to 700 mm) 

I—wall; i —reinforced concrete roof slab; 3 —concrete floor 
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beat pipelines from 900 to 1 200 mm in diameter. Conduits 
using U-shaped mcmberssimilar to those shown in Fig. XIII.6 
are of the double-duct typo. Each duct is composed of two 
U-shaped members 1 500 or 1 800 mra wide and, respectively, 
900 + 600 mm or 900 -f- 900 mm high. Medium-height 
conduits assembled from flat 

slabs may be either single- / “7 

duct (similarly to those shown 

in Fig XII1. 7a) or double- 

duct (similarly to those shown '/T* '*1—^1 I 

in Fig. XIII.76). The former U 

are from 1 200 to 4 200 mm wi- ’ , 1 

de and from 1 500 to 2 100 mm 1 \—--0 

high, and the latter are 2 x : 1 

X 2100 mm wide and 1500 or : * M W 

1 800 mm high. ! I,_ JJ ||||L|k 

Medium-height conduits 55 

may also use precast reinforced ... vl „ if 
concrete blocks (Fie XIII 111 **?• xin - 12 - Closcd-framo tun- 

v ncl member 

lne^bottom is a flat block 

and the walls are L-shaped slabs in which one side forms the 
conduit wall and the other is part of the bottom. The wall 
slabs are connected to the bottom blocks by castellated 
joints constituted by loop reinforcement stick-outs locked 
by tie bars. The gaps between the blocks are filled with 
M-300 concrete. The wall blocks are stable during erection 
and need no additional supports. The wall and bottom blocks 
are the same in thickness. 

The roof blocks are equipped with ribs around the peri¬ 
phery. The ribs running across the conduit have protrusions 
to fix the top of the wall blocks against lateral earth pres 


Tunnels (Headers). In construction, tunnels are similar 
to medium-height conduits and may use brick walls (as in 
Fig. XIII. 10), precast reinforced concrete wall blocks (as 
in Fig. XIII.11), or members of a closed-frame cross section 
(Fig. XIII.12) if a tunnel is small. The last-mentioned con¬ 
struction type is economical of material, but its component 
members are difficult to fabricate at factories. Also, because 
the blocks are short (which is dictated by their weight), 
too many joints, which are extremely labour-consuming 
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Fig. XIII. 13. Tunnels assembled from standardized reinforced con¬ 
crete members 

<n) sincic-duct tunnel; (6) double-duct tunnel; /—bottom slab; 2 — wall panel; 
a—roof slab; 4—in-situ floor; J—column; s—beam; ' -concrete cushion 


to fill up, have to be provided. A belter choice is reinforced 
concrete tunnels cast in-situ in sliding formwork. 

In Soviet practice, uso is most frequently made of stan¬ 
dardized reinforced concrete members (Fig. XIII.13). The 
width of small-size tunnels (up to 2 400 ram) is taken as a 
multiple of 300 mm (1 500,1 800, 2 100, and 2 400 mm), and 
that of large-size tunnels is a multiple of GOO mm (3 000, 
3 GOO, and 4 200 mm). The tunnel height is 2 100, 2 400, 
and 3 000 mm. 

Single-duct tunnels use three types of precast reinforced 
concrete slabs, namely bottom, wall, and roof slabs. Double- 
duct tunnels, which have an in-situ bottom because of their 
large width, use the same wall and roof slabs and additional 
prefab columns and beams supporting the roof slabs at the 
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joints. Along the tunnel length, the cenlrc-to-centrc distance 
between the columns is 3 m. 

In each ring element along a tunnel, the wall£slab is 
installed in a groove in the bottom, and the gap is filled 
with concrete using fine broken stone as the aggregate. The 
top of the wall slab enters a groove in the roof slab. Thus, 
under the action of lateral earth pressure, the wall panel 
works as a beam fixed at the bottom and hinged at the top. 
Precast columns are installed in sockets made in the in-situ 
bottom. 

All component members may be installed as deep as 700 
to 2 000 mm from the surface (as reckoned to the top of a 
tunnel) and are designed to carry wheel loads. 

All the tunnels discussed above are laid in open trenches. 
If necessary, deeply buried tunnels may be shield-driven. 
Such tunnels are round in cross section and made of concrete 
blocks installed as a metal shield moves forward, and are 
lined with reinforced concrete blocks. 


XIII.3. Scr vicing Chambers, Compensating Niches, 
and Supports for Heat Pipelines 


Servicing Chambers. The servicing chambers of heat pipe¬ 
lines may be rectangular or circular in plan. They are built 
of brick, in-situ reinforced concrete, or precast plain and 
reinforced concrete members. Chamber dimensions vary 
over a wide range from 1.8 ra square to 9 X 7.2 m. The mini¬ 
mum depth from the ground surface or paved road is from 
0.3 to 0.5 m. The walls of servicing chambers have openings 
for heat pipelines. Roof slabs at the corners are equipped 
with manholes 650 to 700 mm in diameter providing access 
from the ground surface. To ease access, steel steps spaced 
300 mm apart are built into the walls or vertical metal 
flights of stairs are installed. The bottom of a servicing 
chamber has a pit to collect water. 

Figure XIII. 14 shows a servicing chamber having brick 
walls an in-situ concrete bottom, and a precast reinforced 
concrete roof. The roof slabs are laid directly on the wall. 
In large-size chambers, use is additionally made of inter¬ 
mediate prefab beams. 
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Plan 



Fig. XIII.14. Servicing chamber 

I—brick masonry on cement mortar; a—precast reinforced concrete i 
precast reinforced concrete beam; i —manholes G50 mm In diameter; 5- 
for heat pipelines; «—steps; r—pit: 4—concrete floor; 9—compacte 
stone cushion 


Precast wall members significantly cut down the 
requirements and time of construction. Rectangular 
bers may be made of precast concrete blocks (Fig. X 
and b), ribbed and flat slabs (Fig. XIII.15c), L-sliapcd 
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(Fi l 3 y 11 ^° t * 10se shown in Fig. XIII.11, space blocks 
*HL15d), etc. Circular chambers are assembled from 
in orced concrete pipes 2.5 m in diameter (Fig. XIII.16a), 
vertical flat slabs joined at the job (Fig. XI11.16b). 
the construction'types of servicing chamber walls are 
many and diverse, so standard reinforced concrete members 
are only used for roofs. The type and material of walls are 
chosen from what the contractor can obtain or supply. 
; n Plan, the internal dimensions of servicing chambers are 
taken from 1.8 to 9 m as multiples of 0.6 m. Chamber roofs 
are assembled from the same types of slabs used in conduits 
and tunnels. Supplementary members are slabs with round 
openings 700 mm in diameter, 500 X 250 mm rectangular 
beams 3.2 to 5.2 m long, and reinforced concrete rings for 
manholes. In chambers 1.8 m wide, the slabs are placed di¬ 
rectly on the walls (Fig. XIII. 17a). In wider chambers, 
intermediate beams are installed in the longitudinal direc¬ 
tion (Fig. XII1.176). Large chambers use intermediate co- 


24-014 














(b) 



Fig. XI11.18. Construction types of compensating niches 

1—beat p>pi'lines; a—conduit; a—movement Joint; 4—compensating niche; 

5 —steel neiun composed of two angles, supporting roof slabs 

lumns which support the beams (Fig. XIII.17c). The co¬ 
lumns are built of brick or plain or reinforced concrete, 
whichever may be the case. 

Compensating Niches. To cancel temperature strain in 
heat pipelines between immovablejsupporls, use is made of 
flexible expansion U-bends. They are accommodated along 
the length of a pipeline conduit in expanded sections known 
as compensating niches (Fig. XIII.18). A compensating 
niche has the same configuration in plan as the U'-bend it 
contains. It is separated by movement joints from the adja¬ 
cent straight portions of the conduit. The U-bend and, as 
a consequence, the compensating niche dimensions depend 
on the heat pipeline diameter. If the pipeline diameter 
does not exceed 150 mm, a niche is arranged as a double¬ 
duct conduit (see Fig. XIII.18a). For larger pipelines, it con¬ 
sists of two individual single-duct conduits spaced 1.2 to 
1.8 m apart (Fig. XIII.186). 

The walls of a compensating niche may be built of brick, 
assembled from precast concrete blocks, or use reinforced 
concrete cast in-silu. The bottom is made of plain or rein¬ 
forced concrete. The roof is always assembled from precast 
reinforced concrete slabs as used in the main body of the 
conduit. At bends, additional beams are installed to support 
the roof slabs. The beams are made of twin steel angles so 
as not to reduce the internal dimensions of the conduit. 
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The horizontal flanges of the angles support the roof slabs 
and the vertical flanges arc arranged in the gaps between 
the slabs. 

The construction of a compensating niche is shown in 
Fig. XII 1.19. JgTj 

Movable and Immovable Supports. The immovable (fixed 
or dead) supports of heat pipelines arc intended to resist 
longitudinal forces due to the unbalanced internal pres¬ 
sure in the pipe and also frictional forces appearing in mov¬ 
able (sliding) supports (also known as saddles) forced to 
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fa) 




Fig. XII1.20. Wall-type immovable support 


flange; 3 — bus; 
7—opening for 


itli reinforcement); (S) sectional view; 1 —heat pipelines; 2— 
, 4 —conduit floor; 5—concrete; n —load-lwarinc reinforcement: 
alcr; 8 —pipeline openings; 9 —distribution reinforcement 


move by a temperature strain. The longitudinal forces im¬ 
posed on the fixed supports depend on the pipe diameter, 
the length between expansion U-bends, and the type of 
U-bends, and may vary over a wide range from 1 to 5 tf 
(10 to 50 kN) to 50 to 70 tf (500 to 700 kN). The immovable 
supports (Fig. XIII.20) are usually made as a precast or 
in-situ reinforced concrete wall having openings for pipes. 
To transfer forces from the pipes, steel flanges reinforced by 
longitudinal gusselsjare used. Since forces may be applied 
in either'direction, the flangesjare installed on either side 
of s the'support’whichjis,^therefore, reinforced symmetrically. 
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The support is 100 mm thick for pipes up to 50 mm in dia¬ 
meter , and 150 mm thick for pipes 80 to 150 mm in diameter. 
If the pipe diameter is from 200 to 400 mm, the thickness 
of the support is chosen equal to the pipe diameter. In this 
j_j case, the support is assumed 

to transfer forces only to the 
2 ' <3 &'/7A longitudinal wall of the con- 

i\ - V//7/. J duit. 

ii^ S Figure XI 11.21 shows a 1- 

^ p section immovable support for 

\ Try ~~~ 4 large-diameter pipes. The sup- 

'/yy/ port comprises a portion of a 

At// conduit about 4 or 5 m long 

P i an with in-situ reinforced concrete 

P walls and botlom - The middle 

7 ■’ Y77y portion of tlie conduit has a 

_. 72221 transverse wall 500 to 600 mm 

.I : •. thick to which forces from 

] ;\,V •' ^ the pipes are transferred. At 

I -EEZ^ps ^ the edges, the bottom has pro- 

i. ^ truding lugs which contribute 

jT~ y.. ■; " * “T- to the sliding resistance of the 

I . y. ^.._{ " entire structure. A similar 

^ | structure may bo assembled 

J { from prefabricated members 

•:2» •• . J joined by welding together 

/yyyA reinforcement slick-outs and 

4 * yy//\ concreting the gaps. 

^ Also, immovable supports 

I‘ig. XI 11.23. Immovable sup- may use the walls of servicing 
” 0 chambers as shown in Fig. 

i -conduit: ,.**««, , XIII.22. Tlie wall that carries 

channels; 4-concrctc the pipes is made thicker than 

usual and has a special looth 
improving the sliding resistance of the chamber. With 
small-diameter pipes, the immovable support is arranged 
in the brick or concrete wall of a chamber. For this purpose, 
two steel channels are installed al tlie pipe level, to which 
pipe support gussets arc welded, and the wall portion is 
concreted (Fig. XI 11.28). Another type is an immovable 
support made of steel channels and installed directly in a 




T'^i Slec ^ immovable supports in servicing chambors 

s trut > 'brace annc! strut '. 2—reinforced concrete beam; a—steel beams; 4 — 


servicing dumber (Fig. XIII.24). In this support, each 
‘ n y ls lai(l - between two vertical struts built into a reinfor- 
. con crcte beam at the bottom and fixed by twin steel 
earns at the top. Under the action of the forces transferred 
y tne pipes, the struts and beams work in bending, so, when 
e torces are considerable, they should preferably be made 
large-size steel shapes. The support reactions arc taken 
up by the chamber walls. 

1 ho movable supports of pipelines consist essentially 
ot metal saddles welded to a pipe itself. The saddles rest 
on steel sheets built into reinforced concrete support cushions, 
for pipes 25 to 80 mm in diameter, the saddle is made of 
a single bent plate (Fig. XIII.25fl); for larger pipes, it con¬ 
sists of several sheets welded together (Fig. XIII.256). 
Friction between the saddle and the cushion can be reduced 
by using roller bearings (Fig. XIII.25c). 

The distance between supports depends on the pipe dia¬ 
meter, because the pipe works in bending under the action 
of its self-weight and the weight of the heat-transfer agent 
as a continuous beam. The reinforced concrete support cush¬ 
ions distribute the pipe pressure over the conduit bottom, 
so their dimensions likewise depend on the pipe diameter. 

Movable supports may also be erected as steel beams as¬ 
sembled from angles or channels which arc installed across 
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Fig. XI 11.25. Construction types of movable supports 
I —steel pipe; 2 —thermal Insulation; J—saddle; 4— base plate; 5—reinforced 
concrete cushion; 6—roller bearins 

a conduit and welded to embedded fittings in the conduit 
walls (Fig. XIII.2M). 

Movement Joints. As already mentioned in Sec. X 111.1, 
movement joints are intended to facilitate the independent 
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H*; XIII.26. Movement joints 

nar»ri U*) w * lcrp conduit adjoins servicing chamber: I—bitumen; 2—pre- 

I'area roofing paper; 3 —protective brick wall 


settlement of individual heat pipeline portions and reduce 
temperature strain in the structures. Where a movement 
joint is to be installed (along the length of a conduit or 
where a conduit adjoins servicing chambers or compensating 
niches), the structural members are placed with a 30-ram 
gap which is afterwards filled with bitumen. On the side 
surfaces and at the lop, movement joints are covered with 
two layers of prepared roofing paper and protected with 
brick (Fig. XIII.26). 
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XIII.4. Heat Pipelines Laid without Conduits 

As previously noted, heat pipelines may be laid directly in 
the ground without any conduits. This cuts down the cost of 
construction but requires reliable insulation and also freedom 
for the pipes to move axially. 

Heat pipelines may be laid in an open trench in a protec¬ 
tive enclosure made of reinforced concrete pipes. Inside 
the enclosure, the pipes are fixed by steel bar brackets welded 
to their surface (Fig. XIII.27a). The protective enclosure 
may also consist of asbestos-cement pipes or, when no open 
trenches are used (for example under paved roads), steel 
pipes. Sometimes, protective enclosures are assembled 
from reinforced concrete segments with pasted thermal in¬ 
sulation (Fig. XIII.276). The lower segments having cylind¬ 
rical supporting cushions are laid in ajtrench on a layer of 
broken stone. After the steel pipes have been installed, the 



I’ijr. XII 1.27. Heat pipelines laid in an open Ireiuli 
I—steel pipeline; 2—thermal insulation: a—pipe shell; 4—steel 
pipeline supports; i —upper segment; 8—lower segment 







lop segments are erected, and the gaps between the top and 
bottom segments are filled with cement grout. 

The labour requirements and cost of construction can 
markedly be reduced if the pipes are given a coat of effec¬ 
tively water-proofed reinforced foam concrete at a factory. 
^ 1 1 between the steel pipes and enclosure is not dis¬ 

turbed by temperature movements of the pipeline. All the 
loads induced by the soil pressure and friction of the enclosure 
against the soil are carried directly by the steel pipes which, 
naturally, should adequately be strong. Such pipelines are 
used in relatively dense soils. 

Hr hSi?rFi eli, } e - s , raay als ° bl! laid in a Ia S’ er of ' asphal- 
.1 L* "" doos not absorb water from the ground 
form a h ° ate . d b >' 'he heat-transfer agent, is baked to 
J™'™* anttcorroston sheath around the pipes. Outside 

erves^aO, ! 0at '' lh f backfi11 remai " s ! so that it 

mpnt nf fi CU ! ia ,f nsu ^f l 'i° 11 and does not restrain free move- 
the ninplirw * n P e in ?‘ All l be loads that may be imposed on 
the pipeline are resisted solely by the steel pipes. 

XIII.5. Overhead Heat Pipelines 

Overhead heat pipelines are usually mounted on individual 
k ?a scaffold bridges. When a heat pipeline is run close 
to buildings, the pipes are supported by brackets built into 
the building walls. To leave enough headroom for traffic, 
overhead heat pipelines are installed 5 to 6 m above the 
ground surface. 

If pipelines are installed on individual piers (Fig XIII 28a) 

the steel pipes contribute to the load-bearing capacity of 
the entire structure, so the distance between the piers in¬ 
creases with increasing pipe diameter. This construction 
is most economical with large-diameter pipes* (300 mm or 
more). The distance between the piers is governed not only 
by the pipe strength, but also by their sag which should not 
interfere with the free flow of water or condensate at a given 
longitudinal slope, the maximum safe sag/ (in cm) is 

i < 0.25/7 


3UO °C 


. lempcialuro of the heat-lrausfer agonl docs not exceed 
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Fig. XIII.28. Pipelines installed on individual piers 
/—iiipcliiioH; 2 —metal cross arms; 3—reinforced concrete columns; 4— guys; 
3 —longitudinal beam; c —braces 


where l is the distance between the piers in cm, and i is the 
longitudinal slope of the pipeline. 

Large-diameter pipes may be accompanied by small-dia¬ 
meter pipes which arc suspended on (or supported by) the 
larger pipes at every 2 to 4 m. The load due to the weight 
of the smaller pipes should be taken into consideration in 
the design of the main pipes. 

To increase] the distance between piers, the load-bearing 
pipes can be strengthened by strand or liar guys (Fig. 
XIII.286), or the cross arms at the piers can be exten¬ 
ded by inserting longitudinal metal beams with braces as 
shown in Fig. XIII.28c. 

If the load does not exceed 3 If (30 kN), the piers arc as¬ 
sembled from rectangular reinforced concrete columns 
(Fig. XIII.29a) and metal cross arms 0.(> to 2 A m long 
(Fig. XIII.296), or columns, cross arms, and (i-m longitu¬ 
dinal beams strengthened by braces (Fig. XIII.28c). The 
height II of the piers may range between 2 A and 7.8 ni 
in steps of 0.0 m. If the load is heavier than 3 tf (30 kN) 
and I he pier height is from T>.4 lo 7.8 m, use is made of 
T-shaped or U-shaped columns and cross arms (Fig. XI 11.30). 

Pipelines are installed directly on I he lop face of a column 
or a cross arm supported by a column. 




alSividui'^ieS 0 '"'"" 0 ' 1 C0 “ 0t "° columns and mota] cross arms of 

CreteTea^ 1 ',° nS , ists ^sentially oi reinforce,! con- 

(Fig. XIII 31') pfiJ? truss . es spanning between piers 
between thpVr^c • 1PGS 3 , re * aid on cross arras l the spacing 
fold bridge mav^*™ S ‘ d ? E>e i ndS ° D the pipe diameter - A scaf- 
Scaffold 1>ridffo«? f deck . or a footwalk along its length, 
only if a large S nmnber^of S <! Ve ’ii S a- their uae ia warranted 

Crete columns and metal trusses 12 or 18 ra long. The cross 



Pig. XIII.30. Reinforced concrete mombcrs of individual i.i.-rs used 
when the load exceeds A if 

(a) T-slinpcd columns; <li) U-shnpcd columns; (c) cross arms; <d) U-shaped column 
with cross arm 
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Fig. XIII.31. Construction types of scaffold bridges 
I —reinforced concrete columns; 2—metal trusses; 3— metal cross arms; f— 
pipelines; 5—reinforced concrete beams; 6—reinforced concrete cross arms 


arms installed on the trusses are likewise made of metal 
(Fig. XIII.31a). If the load is from 0.5 to 4 tf m -1 (5 to 
40 kN m _I ) and the bridge height is from 6 to 8.4 m, all 
members of a single-tier scaffold bridge are built of precast 
reinforced concrete. The piers may be either single-strut 
(assembled from straight, T-shaped, or U-shaped columns) 
or double-strut (assembled from straight columns). They 
carry longitudinal T-section prestressed reinforced concrete 
beams 12 m long supporting cross arms 3 to 7.8 m long 
(Fig. X 111.31b). 

The piers of double-tier reinforced concrete scaffold brid¬ 
ges (Fig. XIII.31c) are likewise spaced 12 m apart. The 
longitudinal beams may be installed at two levels or only 




XIIT.r>. Overhead. Heal Pipelines 


t 1*7 


-e 


U- 
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Strain block I B 


Fig. XIII.33. Arrangement of expansion 
U-bends in pipelines laid on scaffold bridges 
I — intermediate pier; 2 —anchor pier; 3 —trusses 
or beams; 4 — beat pipeline; 5—expansion U-bcnd; 


Fig. XI 11.32. Anchor pier 
I —immovable pipeline support 


leve * ** tlie top-tier pipelines rest on the cross 

Alo ^ ab0ve the P iers - 

namoK.^ ^ en 8th, a scaffold bridge has two types of piers, 
former lnterr nediate and anchor (or dead-end) piers. The 
?, acr y ^e movable supports of pipelines, and the 
»atter, the immovable supports. 

blnrL- an . Ch0 / P ier is usually installed in the middle of a strain 
K wil1 . ma y bo »s long as 72 m. It consists of individual 
columns joined together by metal braces (Fig. XII1.32). 
structur> r pietS ensure t * ie s P ft tial rigidity of the entire 


Expansion U-bends are installed in gaps 3 or 6 m wide 
between strain blocks (Fig. XIII.33). The gaps are bridged 
by single-span beams which are free to move when the blocks 
undergo thermal deformations. 

Brackets used to support pipes when heat lines are run 
on the walls of buildings are made of steel angles or channels 
(Fig. XI11.34). The brackets which are built into walls 
are distributed so as not to impair the strength and sta¬ 
bility of the walls. In skeleton-type buildings, they are 
fastened to the embedded steel parts of the reinforced con- 
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Fig. XIII.34. Brackets attached to a wall 
I— bracket; 2—wall; 3—concrete; 4— distribution pad 



I—columns; 2—bracket; 3—embedded part; 4 — lioop 


Crete columns (Fig. XII1.35a) or to hoops embracing the 
columns (Fig. XIII.356). 

The movable supports of overhead heat pipelines may 
be of the sliding or the roller type as shown in Fig. XII1.25, 
or of the suspension type as shown in Fig. XI 11.36. Immo¬ 
vable supports are installed on anchor piers similarly to 
Fig. XIII.20. On brackets, immovable supports are made 
as follows. Two angles are welded to a pipe on either side 
of a bracket, and a hoop embracing the pipe is then faste- 
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ned to the bracket (Fig. XIII.; 
larger than 100 mm in diamel 


fa) 



Fig. XII 1.38. Loads imposed on 
a buried conduit 


of the soil in t m -3 (on the j 
n is the overload factor taken 


Via). When they carry pipes 
er, brackets are fastened to 
walls with additional bra¬ 
ces (Fig. XII 1.376). 

XIII. 6. Design Principles 
for Heat Pipeline 
Structures 

The conduits, servicing 
chambers, and compensa¬ 
ting niches of buried heat 
pipelines carry the vertical 
and lateral earth pressure, 
the live load induced on 
the ground surface by ve¬ 
hicles, the weight of the 
pipelines, and the horizon¬ 
tal forces due to the unba¬ 
lanced internal pressure and 
thermal movement of the 
pipes. 

When a heat pipeline is 
laid in open trenches, the 
vertical and lateral earth 
pressure increases linearly 
with increasing depth (Fig. 
XIII.38a). The respective 
design vertical load per 
unit area (in tf m“ 2 or 
N m -2 ) is given by 

Qc e rt = yhn 

where h is the depth in m, 
Y is the bulk unit weight 
iverage, y = 1.8 t m -3 ), and 
as 1.2. 


The design horizontal load in tf m -2 (N m -2 ) is 


<Jhor = 9ocrt tg 2 (45° — t/2) = q oert k 
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where <p is the angle of internal friction of the soil (on the 
average, (p = 30°). 

The wheel load applied at the surface is assumed to pro¬ 
pagate at 30° to the vertical in the soil, and at 45® to the 
vertical in the road pavement. As a consequence, the verti¬ 
cal and horizontal pressure due to the wheel load decreases 
willi increasing depth (Fig. XII 1.386). According to rele¬ 
vant standards and specifications, the wheel load should 
be multiplied by the overload factor n = 1.4. 

, r . lf ? structure is 1.2 m or more below the surface 

(lug. Alli.,38c), the characteristic vertical wheel load is 
? 9 nTi\r t0 ,r uniforn *ly distributed and equal to 2 tf m~ 2 
f, rr m ~~> at any depth h from the surface. The design 
X 2 “ 2.8 tf (28 kN m" a ). The hori- 
d 1S dctermin ed similarly to that induced by late¬ 
ral eartli pressure, that is, 

Phor = p oert tg 2 (45° - 9/2) = p oaTt k 

in!" ^ riCd , COndu i ts , servicing chambers, and compensat- 
sofl n>l hes A 10 Vc ^ lical load induced by the weight of the 
Hn/if b0V . C i t ie r ? of and the self-weight of the structures (in¬ 
land , e ^ ei 6ht of the pipelines), and also the wheel 
„ > l transferred to the foundation material and balan- 
• l . y the contact soil pressure. The pressure exerted by 
characteristic load should not exceed the design 
soil strength R,. 

In structures having brick or concrete walls and a concrete 
uottom, the width of the strip through which the load N ch 
is transferred to the foundation material (Fig. XIII.39a) is 
given by 

b, = b + 2 h e 

where 6 is the wall thiekness at the bottom and h e is the 
thickness of the concrete layer which transfers the load 
at 45° to the vertical. The load N ch is usually calculated per 
metre run of the wall, so the footing area is equal to (6/ X 
X 100) cm 2 . As a consequence, the design formula takes 
the form 

N ch imbf < R 4 

If a structure has a reinforced concrete bottom, the pres¬ 
sure exerted on the soil is distributed as shown in Fig. 



Ch. 13. Structuret !nr Heat Supply Systems 


(Q) ' _(W 



M 

M 


L§y 


q'q 



rid ijjjjA^iut 

1 <vL 

ilillliilllli 


Fig. XIII.39. Pressure beneath the floor and walls of conduits 


XI 11.396. For design purposes, it is assumed to be uniformly 
distributed over the entire bottom area (Fig. XI11.39c). 
The bottom is designed to carry the contact soil pressure 
under the action of the design loads. The design loading 
system is shown in Fig. XIII.40. The lateral earth pressure 
is taken to be applied on either side of the structure, because 
the soil (with each layer properly compacted) is backfilled 
on either side of the conduit. The horizontal wheel load may 
be applied on either side or on one side of the structure. 

The design system for the individual members depends 
on their construction. 

Since they are mostly hinged to the walls and beams, 
the roof slabs are analyzed as single-span panels carrying 
the uniformly distributed loads q Bert and p vert and the 
self-weight q,. w . 

The slab is designed to carry the maximum bending mo¬ 
ment induced by these loads. The necessary area of its longi¬ 
tudinal load-bearing reinforcement is found from a check 
on the normal section shear strength. 

The brick and concrete block walls are hinged at the roof 
and bottom. The wall resists the vertical load induced by 
the roof slabs it carries and its self-weight, and also the 
horizontal loads q^or and pi lor . For design purposes, the 
wall of a long conduit can be treated as a vertical single¬ 
span beam 1 m wide hinged to the roof and bottom. The 
wall is designed to carry the bending moment induced by 
q h0T and p h0T and the shearing force due to q Ber t> Poeru 
q,. w , and its self-weight, using the expressions given in 
Chap.VIlI for masonry structures in eccentrical compression. 

If the ratio of tho wall length l to its height h is smaller 
than or equal to 2 : 1 (as often happens in servicing cham- 
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^'; s ‘K n loading syslcm for conduits, tunnels, and sorvic 
ing chambers with a reinforced concrete floor 

than 0 l?2 rn m' t R,na *' cr than 1.2 m; (6) embedment depth equal to or larger 


Wa ^ “ay be treated as a slab supported on the 
in it 6rS ? Wa ^ s * bottom, and roof. The bending moments 
oni« 8 ^ e “ eter mined using the tables for the design of rectan- 
g ; a / lsot ;; o Pic slabs (see Appendix XVIII). 
roof l ^ 8 s should also be checked for strength with the 
Sec Xttt «F cmove d- In this case, as already mentioned in 
an 1 the top support for the wall consists of spacers 

b t *? s a consequence, its design system remains the same, 
.i 1 bending moment is assumed to be induced only by 
*{ * a teral earth pressure (the load q hor ) and the normal force 
niy by the self-weight of the wall. The wheel load need not 
e taken into consideration. 

In reinforced concrete conduits and tunnels assembled 
rom prefab members, the walls are rigidly fixed at the bot¬ 
tom and hinged at the top to the roof slabs. The design sys¬ 
tem for such a conduit (tunnel) is a U-shaped frame closed 
by a hinged rigid spacer (the roof slab) (Fig. XIII.41). 

In this frame, we determine the thrust X and the bending 


moment in any wall or bottom cross section, which is found 
as the sum of the moments induced by all the forces (inclu¬ 
ding the thrust X) applied on one side of the section in ques¬ 
tion (Fig. XIII.416 and c). 

The load imposed on the roof (and the respective contact 
pressure from the bottom) gives rise to a compressive force 
in the walls, and the lateral load imposed on the wall, to 
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y/Vhur^P/ior,! 



Fig. XIII.41. To tfcc design of precast reinforced concrete conduits 
and tunnels 

(a) loading system; (ft) iMisic design system; (c) bending moment diagram 


a compressive force in the bottom. Therefore, the walls and 
the bottom work in eccentrical compression. Since the wall 
and bottom are relatively thin, the eccentricity of the longi¬ 
tudinal force, e = MIN, is considerably larger than the 
cross-sectional dimensions. So the necessary steel area may 
be determined as for bending members (using the moment M). 
When a conduit assembled from U-shaped members has no 
roof, its walls should resist lateral earth pressure, working 
as cantilevers fixed at the bottom (Fig. XIII.42). This 
design system is frequently used to determine the necessary 
area of the load-bearing reinforcement in U-shaped mem¬ 
bers. Tunnels are always analyzed with the roof slabs ins¬ 
talled (see Fig. XI 11.40). 

In overhead heat pipelines installed on individual piers, 
the steel pipes should be checked for strength. Also, it is 
necessary to determine the pipe sag which should not exceed 
the maximum safe value given in Sec. XIII.5. 




cast reinfo1'co(l D pnn^-n. yStCin j n<l be . n 2 in ? moment diagram for a pre- 
orcce concrete conduit with the roof slab removed 


rnniicalculations, a pipe is treated as a multispan 
»? us "® ara carrying a uniformly distributed load q 
mni • 1 1 s cif _ weight of the pipe and the weight of the ther- 
tho lns a latl0n and the heat-transfer agent, multiplied by 
int ver ^ oat ^ factor 1.2. The snow and ice load is not taken 
1 ftoj _ a ccoun t. The same design system applies to lateral wind 
a *ng, tho wind load per metre run of the pipe being 


l per i 
= 1.2 X iADq 0 


where 1.2 is the overload factor, 1.4 is the aerodynamic fa¬ 
ctor, D is the outside diameter of the pipe including the ther¬ 
mal insulation (in cm), and q 0 is the characteristic wind velo¬ 
city (dynamic) head in kgf m -2 (N m -2 ) which depends on 
the locality and height of the structure (see Appendix II). 

If a major pipe carries smaller pipes, the loads due to 
these pipes are assumed to he concentrated. When checking 
the major pipe for strength, it is necessary to remember 
that, in addition to the above loads, the pipe walls experience 
stresses induced by the internal pressure of the heat-transfer 
agent, axial force appearing because of constrained tempe- 
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1 1 L I**. 

Fig. XIII.43. Pipes reinforced with longitudinal ribs 


rature deformations (as a result of friction at the supports and 
in the U-bends), and the like. The design procedure for 
pipelines can be found in appropriate standards. 

All the loads discussed above (except the wind load) ap¬ 
ply to both buried and overhead pipelines. 

The distance between the piers can be increased by welding 
longitudinal ribs to the most heavily loaded portions above 
the supports (Fig. XIII.43). 

Piers carrying movable supports are designed as vertical 
cantilever beams fixed at the footing (Fig. XIII.44a). The 
vertical load consists of the support reaction A r I due to the 
weight of the pipelines and the self-weight N t of a pier, 
which is assumed to be applied from the top. In the plane 
perpendicular to the pipelines, each pier resists a wind 
load which is taken as the resultant of the wind pres¬ 
sure exerted on the pipes between the piers being analyzed, 
and wind load p w which is applied directly to the pier. Along 
the axis of the pipelines, a pier carries a horizontal load 
N fr induced by friction in the pipes. The horizontal loads 
due to wind and friction may act in either direction. 

The effective length of piers, from which their slenderness 
ratio can be found, is taken equal to twice their height. 

The footing of a pier is checked in either direction as an 
eccentrically loaded structure. 

For double-strut piers, the manner of load application 
is the same (Fig. XIII.446). A cross arm is usually hinged 
to the struts, therefore it is regarded as a single-span beam 
carrying the applied loads, and the struts aro treated as ver¬ 
tical cantilevers subjected to the support reaction of the 
cross arm and the wind load 

Intermediate piers in scaffold bridgos aro designed in a 
similar way, but in calculating the vertical load, one should 
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Fig. XIII.44. To the design of piers carrying overhead heat pipelines 


^°" sl<Je ration the weight of the spans (trusses or 
end °» ge piers are subjected to vertical loads indu- 

carrv y w1t r and the weight of the pipelines they 

load (Fig XXli 44 3 ^ 8 trans * erred b Y tbe pipelines, and wind 

V 16 s P ace system formed by the struts, 
berq 'pL . j^ 083 braces is divided into component mera- 
sino-io or . S^rders are designed to carry their share of load as 
is alsnJwf? beams. The horizontal load in either direction 
strnto ? et Y t .° ^, e resisted by a flat system consisting of two 
thn S. ^ b Ar ned by the cross braces ( Fi 8- XIII.44d). Here, 
rcc iiV; lor induces the following forces in the struts 


N.tr = 2N hor Hlb 

The above force is compressive in one strut and tensile in 
the other, and is added to the compressive forces due to 
the vertical loads. If the force 2N hor is large, the compres¬ 
sive forces induced by the vertical loads may prove insuf¬ 
ficient to balance the tensile force. This must be kept in 
mind in the analysis and design of the struts. The force N ttr 
decreases with increasing distance between the struts. 
The forces in the cross braces can approximately be determi¬ 
ned if we assume that when one of the braces begins to work 
in compression, its contribution to the strength of the entire 
structure is zero (because of its slenderness), and the other 
brace carries a tensile force 


"ZN hor l sin a 
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The connection between the braces and struts should also 
be designed to resist this force. 

The spans of scaffold bridges are analyzed as single-span 
beams or trusses carrying a vertical load due to their self- 
weight’and the weight of the pipelines they support, and 
a lateral wind load. 



Appendices 


Units of Measure and Their Conversion 


APPENDIX I 


Force, load, 
weight 


Stress, pres¬ 
sure, moduli 
of elasticity 


Moment of 
force, uio- 
mont of 
couple 


Unit of measure and Its designation 


USSR building code 


kilogram-force (kgf) 
tonne-force (tf) 

(1 tf = 1000 kgf) 

kilogram-force per 
metre run (kgf m~») 
tonne-force per metre 
run (tf ra-i) 
kilogram-force per 
square metre (kgf m 
tonne-force per'square 
metre (tf m - *) 1 


kilogram-force per 
square millimetre 
(kgf mm -1 ) 
kilogram-force per 
square ccntiraetrb 
(kgf cm - *) 
tonne-force per squ¬ 
are metro (tf m - *) I 

kilogram-force 
X metro (kgf m) 
tonne-force X metre 
(tf m) 


newton (N) 
kilonewton (kN) 
(1 kN = 1 000N)| 

newton per 
metre run 
(N m - «) 
kilonewton per 
metre run 
(kN m~i) 
newton per 
square metre 
(N m - ») 
kilonewton per 
. square metre 
| (kN nr*) 
pascal (Pa) 

(1 Pa w 0.1 mra 
H.O) 

megapascal 
(1 MPa = 10* Pa) 


newton X metre 
(Nm) 
kilonewton 
metro (kN ra) 


1 kgf=9.8 N 
10 N " 

1 tf as 10000 N 
= 10 kN 
1 kgf m -1 
w 10 N m -1 
1 tf m -1 as 10 
kN ra -1 
1 kgf m - * 

10 N m - * 

1 tf m - » 

10 kN ra - * 


1 kgf mm - * 
« 10 -7 Pa 
= 10 MPa 
1 kgf cm - * 

. 10* Pa 
= 0.1 MPa 
tf m - * 

10« Pa 
= 1 MPa 
kgf m 
:10 N m 
tf m 

: 10 kN m 


APPENDIX II 

Characteristic Loads and Overload Factors 


Load 

Overload factor 

Weight of structural members of con- 
croto (v > 1800 kg m -3 ), roinforccd 
concrete, stono, metal, and wood 

1.1 


Appendix II (continued) 


Load 

Overload factor 

Weight of concrete members (v< 

<1800 kg m-») 

Weight of insulating, levelling, and 
finishing layers: 

1.2 

— applied at factory 

1.2 

— applied at job 

1.3 



Fill-up soils 


Self-weight of permanent equipment 
and weight of its insulation 

Weight of materials contained in 
equipment: 

1.2 

— liquids 

— suspensions, slurries, and parti- 

1.1 (1 for pipelines) 

1.2 (1.1 for pipelines) 

culate materials 

Load duo to overhead travelling 

1.2 

ders, and trucks 

Uniformly distributed load imposed 


on floors: 


— in apartments, 150 kgf nr* 

1.3 for p r - 1 ' — 200 to 



— in offices and reading-halls, 

1.4 for p cft < 200 kgf m - * 

200 kgf nr* (2 kN nr*) 

— in laboratories, min. 200 kgf nr* 

(2 kN in-*) 

— auditoriums, gymnasiums, balco¬ 
nies, 400 kgf nr* (4 kN nr*) 

— in libraries and archives, min. 500 

(2 kN m-*) 



kgf m -1 (5 kN m~*) 

— in attics (in addition to weight 


of equipment), 75 kgf nr* 

(0.75 kN nr*) 


— in lobbies, corridors, and stairs, 


300 to 400 kgf nr* (3 to 4 kN nr») 
Snow load (dopends on region): 


— weight of snow 

P« = 50 to 250 kgf m“* (0.5 to 
2.5 kN nr*) 

1.4 to 1.0 depending on 
relativo magnitudes of roof 

self-weight and weight of 

whoro c depends on roof shape 

snow 

Wind load (dopends on rogion): 

— volocity (dynamic) head, 

1.2 (1.3 for high-rise buil- 

q 0 27 to 100 kgf nr* 

dings) 

(0.27 to 1 kN nr*) 


<?« = 7o A«i 




Appendices 


Appendix 11 (continued 

Load 

Overload factor 

where k accounts for building height 
and typo of locality and c, is aero¬ 
dynamic factor doponding on buil¬ 
ding shape 1 



Nvie. When a dead load reduction adversely affects the exposure conditions 
nir n ,ilv’J 1< i lurc < s »y. in a check on stability against overturning), the 
overload factor is taken to be 0.9. 


APPENDIX HI 


Characteristic Strength fljj and and 
^t-sign Strength P pr u and R ten n of Heavy Concrete, 
kgf cm-* (MPa) 





Concrete brand number 



U-100 

M-1S0 

M-200 

M-300 

M-400 

1 

M-500 

U-000 

Axial compressive 

60 

85 

115 

170 

225 

280 

340 

(Prism crushing) 
strongth, tf^and 

^pr IX 

(6) 

(8.5) 

(11.5) 

(17) 

(22.5) 

(28) 

(34) 

Axial tensile 

7.5 

9.5 

11.5 

15 

18 

20 

22 

strength, H c ’‘ and 

fl ten II 

(0.75) 

(0.95) 

(1.15) 

(1.5) 

(1.8) 

(2) 

(2.2) 


Note. For concretes using alumina cement as the binding agent, the values 
' of n ten an<1 11 ten u should be multiplied by 0.7. 
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APPENDIX IV 


Design Strength R pr and /?*,„ of Heavy Concrete 
in Terms oi the First Group of Limit States, 
kgf cm"* (MPa) 


Quantity 



Concrete brand i 

number 



M-100 

M-150 

M-200 

M-300 

M-400 

M-500 

M-600 


Axial compressive 

45 

70 

90 

135 

175 

215 

245 

(prism crushing) 
strength, \R pr 

Axial tensile 

(4.5) 

(7) 

(9) 

(13.5) 

(17.5) 

(21.5) 

(24.5) 

4.8 

6.3 

7.5 

10 

12 

13.5 

14.5 

strongth, R len 

(0.48) 

(0.63) 

(0.75) 

(1) 

(1.2) 

(1.35) 

(1.45) 


Note. For concretes using alumina cement as the binding agent, the values 
of It (en should bo multiplied hy 0.7. 


APPENDIX V 

Tangent Modulus of Etasticity E c XlO -3 for Heavy 
Air-Cured Concrete In Compression and Tension, 
kgf cm - * (MPa) 


Concrete brand 
number 

M-I00 

M-150 

M-200 

M-300 

M-400 

M-500 | 

M-fiOO 

Tangent modulus 

170 

210 

240 

290 

330 

360 

380 

of elasticity 

(17) 

(21) | 

(24) 

(29) 

(33) 

(36) 

(38) 


Note. For concretes heat-cured under atmospheric pressure, E c Is n 
by 0.9, for autoclaved concretes, E e Is multiplied by 0.75. 


implied 



Characteristic and Design Strength and Modulus of Elasticity ol Bar Reinforcement, kgt cm-* (MPa) 




At't'C.n UIA V 

CharacIcrisHc and Design Strength apd Modulus ot Elasticity of Wire Rclntorcement, kgt cn.-= (MPa) 




















and Ilii'li-Strcngth Wir 
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APPENDIX XII 

Coefficient «(■*, for Cheeking Reams for Stability 


I'or .symmetric I-beams, 

«Pl, ♦ (J U 'J X ) X UP (1) 

where U is the beam depth, I is the distance between the points where 
the compressive flanire is fixed, J x and J y are the moments of inertia 
of the cross sect ion, and ip is a iabiilar'coefficient depend ini; on a: 
• for rolled I-beams 

a =:■ 1.54 (J, nr !J a ) (llh)* 

Here, J lor is the torsional moment of inertia of the cross section 
(see Appendix X); 

for build-up I-beams welded of three sheets 
a 8 (/<V«0- (I . AfP/SM?) 

Mere. Ii is the overall depth of the beam cross section, b and 6, are 
the flange width and thickness, and 0 is the web thickness. 


Coefficient ip for 1-Reams Made of (‘.lass C38/2R Steel 



If tho value of (ft, found from Eq. (1) exceeds (1.85, it is taken 
equal to cp,' which is given below 


<Pb 0.85 0.00 0.95 1.0 1.1 1.2 1.3 1.4 1.55 

0.85 (C87 (UK) 0.004 0.927 0.948 0.9C4 0.98 Too 
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APPENDIX XIII 

Coefficient for Checking Steel Members Eccentrically 
Loaded in the Plane of Flexure for Stability 

). \Yiiil! 

m = eFlYV 
in, =- I)"* 

Here, k l 0 !r is the slenderness ratio of a member. /. is llie assumed 
slenderness ratio. It is the design .strength of steel. K is the modulus of 
elasticity of steel, e — AI N is the eccentricity of the applied force. 
F is the cross-sectional area. W is the momeut of resistance of the 
section (for the most compressed fibre), i) is the factor taking rare of 
the section shape (for solid-web members), and m is the relative 
eccentricity. 


Type of cross section 





0<k<5 


0.1 < m < 5 5 < m <20 

0.1 <m <0.2 


1.75-0.13k 


1.5-0.08k 





Appendix XIII ( continued) 
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APPENDIX XIV 


Coefficient c for Cheeking Steel Members Eccentrically 
Loaded in a Plane Perpendicular to the Plane of Flexure 
for Slubiliy 


For members of class C38/23 steel (f. g < 100), 
c = 1/(1 + a m x ) 

Here, m x is the relative eccentricity in the plane of flexure 
m x = M x FlNW 

where M x is the maximum moment in the middle third of the span 
(but not smaller than M max i2) for members fixed at the ends, or the 
moment at the fixed end for cantilevers. P is the cross-sectional area, 
and W is the moment of resistance of the section (for the most com¬ 
pressed face). 


Coefficient a 



Type of e 

ross section 

Kclall vc 
cccun Irlcl ly 



.. i rti 

, JTPU , 




m x ^ 1 
f <m v <5 

m.v > 5 

0.7 

0.7-f-0.05 (mv — 1) 

0.9 

0.6 

0.6+0.05 (m*-l) 

0.8 


APPENDIX AT 

Tables for the Design of Equlspan Continuous Hearns 

M ■--- («S f IV) P 
<? - (VS ■: <V> l 



Appendix XV ( continued) 








APPENDIX XV! 

Design Soil Strength R 0 


Soil 

fl 0 , kgf cm'* 

Rudaccous soil 



Pebble (waste rock) soil containing sand 
Crystalline-rock gravel 

Sed i in en ta ry-rock gravel 


6 

5 

3 

Sandy soil 

Denso 

Medium- 

density 

Coarse sand, irrespective of moisture contont 

6 

5 

Medium sand, irrespective of moisture con- 


4 

Fine sand, low moisture content 

4 

3 

Fine sand, wet and wator-bearing 

3 

2 

Powdered sand, low moisture contont 

3 

2.5 

Powdered sand, wet 

2 

1.5 

Powdered sand, water-bearing 

1.5 

1 

Clay soil 

Soil consistency 



0 

1 

Sandy loam, porosity ratio 0.5 

3 

3 

Sandy loam, porosity ratio 0.7 

2.5 

2 

Loam, porosity ratio 0.5 

3 

2.5 

Loam, porosity ratio 0.7 

2.5 

1.8 

Loam, porosity ratio, 1.0 

2 

1 

Clay, porosity ratio 0.5 

0 

4 

Clay, porosity ratio 0.0 

5 

3 

Clay, porosity ratio 0.8 

3 

2 




APPENDIX XVII 


Support Reactions in Transverse-Frame Fixed-Top Columns 
in a Single-Storey Industrial Building 

Singlo-picco column Two-piccc column 



For a singlc-pieco column, A-, = 0 



















INDEX 


Aluminium shapes, 157 
Anchor, Freyssinet, 51 
socket-type, 51 
Anchor pier, 383 
Anchorage zone, 30 


Bar mat, splicing of, 26, 50 
Bars, bent-up, 105 
deformed, 26 
inclined, 77 

nnnprestrcssed, anchorage length 
of, 48 
plain. 26 

Benin, reinforced concrete, defined, 72 
reinforced concrete, types of, 74 
steel, design of, 164 
Bell. 296 
Bolt, black, 162 
bright, 162 
high-strength, 163 
Buckling coefficient. 140 
n..; IrlirwV hnv of, 227 

all type, 193 
supply systems, 237 
ition of structural mem¬ 
bers, 104 
skeleton-type, 193 
span of, 227 

unified modular system, 195 


bearing-w 
for water 


Caisson, 238 

< -j 1 |P{J*ei s , dimensions and properties, 

I : emcn t , 2 *a 4 ! '*'«• 22 

*-■* 1 Portland, 22 
■a brittleness, 48 
t.ojo Jirawing, 30 

Coj“ l|I? steel, design and proportion- 

,,‘cf in axial compression, 175 
”.«el in eccentrical compression, 

stec., 
stub. 57 


Column base, 175 
Column head, 175 
Compression, axial. 55 
eccentrical, 55, 120 
Compresiion^ zone, relative depth 

tlompensaling' niche, 355, 371 


cellular, 25 

compressive strength of, to 
creep In, 22 

cube crushing strength ot, 20 
gypsum. 25 
heat-resistant. 24 
heavy, 20. 25 
light-weight, 25 
lime, 25 

medium-heavy, 25 
porous-aggregate. 20 
prism crushing strength of, 21 
reinforced, 16 
shrinkage of, 36 
slag-binding agent, 25 
superheavy. 25 
supcrlight, 25 
Concrete aggregates, to 
Concrete cover. 56 
Conduit. 355 
high, 35(1 

medium-height, 356 
Connections of beams and girders, 165 
Contact soil pressure, 221 
Crack-opening analysis, 118 
Crack width, limiting. 15 
Cross arm. 380 
Crushing pyramid. 216 
Cutoff point, actual, 106 


Design, in terms of serviceability, 14 
in terms of ultimate strength, 13 
Dimension categories. 106 
Dimensions, actual, 196 
nominal, 196 
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Index 


structurnl, it 
Drop panel, 21 r> 
Duct former, flexi 
rigid, 44 


Eccentricity, accidental, 55, 120 
Elastic limit, 31 
proof, 31 

Expansion U-bond, 355, 371 


Factor, combination, 12 
overload, 10 
partial safety, 10 
safety, 10 
service, 10 


tensioning accuracy. 
Flexural rigidity, 114 
Flux, 157 
Frame, 103 


40 


Gas shielded welding, MAG, 158 
MIG. 158 
TIG, 158 
Girder, 104. 200 
Grillage, 104 


Header, 355 

lleat pipeline, laid in open trench, 3<8 
overhead, 355, 370 
Heating system, distributing, 355 
structures for, 355 
'mnk. 355 


Lateral bracing, 189 
Launder, 284 
Limit of sag, 118 
Limit state design, 9 
Load, characteristic, 11 
dead, 12 
design, 11 
live, 12 
special, 12 

Load combinations, 12 
basic, 12 
special, 12 
I.olcyt principle, 81 
Loss of stability, IG7 
Losses in prestress, early, 42 
late, 42 


Manual metal arc, 157 
Masonry, 135 

average ultimate strength of, 136 
clastic characteristic of, 138 
reinforced, 142 

reinforced, clastic characteristic 
Of, 144 

structural clay tile, 143 
Masonry materials, 135 
durability of, 136 

Masonry members in compression, 138 
Metal structures. 152 
Modulus of elasticity, 23 
initial tangent, 23 
secant. 23 

Modulus of subgradc reaction, 202 
Mortar, 135 

brand numbers of, 135 
cement, 135 
heavy, 135 
light, 135 
lime, 135 
mixed, 135 


I-beams, dimensions and properties, 
402 

Inclined-section shear strength ana¬ 
lysis, 98 


Neutral axis, 90 

Normal-section strength analysis, 85 
Overreinforced section, 81 


Joint, bolted, 102 
castellated, 305 
flexible, 284 
movement, 30, 278, 370 
riveted, 162 
welded, butt, 159 
welded, lap, ICO 
welded. T-, 100 


Kern, 111 

Kern moment method, 110 


Panel, beam-type, 279 
cantilever-type, 278 
Mat-convex, 254 
shell-type, 254 

percent elongation at rupture, 153 
percentage of elongation, total, 31 
r uniform, 31 

percentage of reinforcement, 50 
‘ volumetric, 144 
oioe, reinforced concrete, flush-con- 
yv nectcd, 297 

reinforced concrete, non-pressure. 
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reinforced concrete, pressure, 20 C 
reinforced concrete, stcpped-liell, 
297 

reinforced concrete, taiiercd-brll, 
297 

Plastic liingo, 108, 198 
Prestress, steady-state, 70 
Prestressed concrete members, inci¬ 
pient-cracking resistance of, 108 
prestressed concrete structures, des¬ 
ign of, 40 
prestressing, 17 

by electric beating, 41 
mechanical, 41 
posttensioning, 17 
pretensioning. 17 
punching pyramid, 223 


Redistribution of moments, 198 
Reinforced concrete, categories of 
crack resistance, 37 
properties of. 35 

Reinforced concrete members, in axial 
compression, 55 
in axial tension, 62 
in bending, 72 

in bending, condition for shear 
strength, 100 

in bending, curvature of the de¬ 
flected axis, 114 
in bending, state of stress, 80 
in bending, transverse bar design, 
101 

in eccentrical compression, 120 
in eccentrical tension, 132 
Reinforced concrete floor, beam and 
girder construction, 19G 
beam and girder construction, in- 


precast, 200 
with slabs spanning in two di¬ 
rections, 212 

Reinforced concrete footing, axially 
loaded, design of, 222 
eccentrically loaded, design of, 225 
isolated ^ (Independent), 219 

strip (continuous), 219 
Reinforcement, classes of. 28 
erection, 25 
fabric, continuous, 73 
fabric, scctionalizcd, 73 
load-bearing, 25 
local, 80 
prestressed, 26 
shear, 75 
types of Joints, 33 
iifinforccmcnt ratio, 56 

Reinforcing cable multi-layer, 29 

single-layer. 29 

Reinforcing sSrej, ductility of. 31 
Reinforcing strand. 29 
grades of, 28 


Resistance to floallng-up, 24 
Rigidity characteristic. 270 
Rivet, 162 
Rubber key, 278 


Saddle, 372 
Sag analysis, 114 
Scaffold bridge, “ 


construction types of. 


Servicing cbamlicr, 355, 367 
Shear wall, 193 
Shortness, cold, 152 
red. 152 

Slab, defined. 72 

floor, hollow-core, 201 
floor, ribbed, 201 
floor, solid, 201 
one-way, 72, 197 
roof, barrel, 233 
roof, large-site, 232 
roof, low-pitched ribbed, 233 
two-way, 197 
Slenderness ratio, 121 
reduced, 141 

Soil, bearing capacity of, 221 
Spatial rigidity. 193 
Spigot. 296 

Steel, brittleness of. 153 
carbon. 152 
class designation. 154 
classes of strength, 154 
grade designation, 154 
groups of, 154 
killed, 152 
low-alloyed, 152 
low-carbon, 152 
rimmed. 152 
seml-killed, 152 

Steel expansion compensator. 278 
Stirrup, closed, 76 
multiple, 77 
U-type, 76 
Strain, elastic, 22 
plastic. 22 
total, 22 
Strain block, 36 
Strength, characteristic, 12 
design, 13 
Impact, 153 


punching, 223 
transfer, 40 
ultimate, 13 

Strength of materials, frequency di¬ 
stribution curve for, 11 
Stress-strain curve, 22 
Stress transmission zone, 39 
Structural system, clastic, 146 
rigid. 145 

Structure, prestressed steel, 191 
reinforced concrete, in-sltu, (8 
reinforced concrete, precast. If 
reinforced concrete, precast/in 
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Index 


Substructure, 238 
Superstructure, 238 
Support, immovable, 355, 372 
immovable, T-srclion, 373 
immovable, wall-type, 373 
movable, 355, 372 
movable, roller, 384 
movable, sliding, 384 
movable, suspension-type, 384 

Tank, circular, 24G 

circular, clarification. 253 
circular, design of, 2G0 
circular, methane, 254 
circular, radial settling, 252 
circular, steel, 292 
circular, vertical settling, 2;>2 
circular, water, 249 
rectangular, 24G 
rectangular, aeration. 2.8 
rectangular, design of. 28a 
rectangular, horizontal seltling, 
276 

rectangular, water. 2.3 
Tension, axial. 62 
eccentrical, 132 
Tension zone. 86 
Thickener. 253 
Transformed section. 41 
Truss, defined. 188 


reinforced concrete, quadrangular 
229 

steel, design and pro|M>rtioning of, 

Warren, flat-top, 188 
Warren, quadrangular, 188 
Tube drainage, 350 

construction types of, 305 
double-duct, 3GG 
shield-driven. 3G7 
single-duct, 3GG 




